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Available evidence indicates that additional inforraation is 
needed on the characteristics and hazards of smoke particulates pro-
duced by burning materials. The purpose of this research is to pro-
vide such Information on smoke particulates generated by burning three 
commonly used building materials. In order to accomplish this goal, 
small-scale test methods have been developed to simulate 
"real-fire" conditions. An aerosol sampling and analysis System has 
been utilized to measure smoke particulate size distributions and 
particulate mass concentrations produced by burning wood, rigid urethane 
foam, and rigid polyvinyl Chloride plastic under different environmental 
conditions. 
Effects of changes in the following environmental parameters 
on smoke particulate characteristics have been determined: (l) atmo-
spheric composition,. (2) type of combustion; I.e., flaming or smolder-
ing, and (3) in the case of smoldering combustion, the level of radiant 
heating received by the material. Results show that particulate 
characteristics are relatively insensitive to changes in atmospheric 
composition for both flaming and non-flaming combustion. However, 
particulate characteristics observed during non-flaming combustion 
were found to be quite different from particulate characteristics 
observed during flaming combustion. Specifically, smoke particle 
sizes were generally smaller and particulate mass concentrations 
VI 
were less during flaming combustion. Particle size distribution peaks 
are in the ränge 0.1-0.3 micron for all flaming tests and for non-
flaming tests at the lowest heating rate (3.2 W/cm ). Non-flaming 
tests at higher heating rates show particle size distribution peaks to 
be near 1.0 micron. These values are typical for all three materials 
tested. Also, smoke particles generated during flaming combustion 
are predominantly sooty in nature while particulates generated under 
non-flaming conditions consist of a complex mixture of liquid and/or 
solid organic substances. Particulate mass concentration behavior 
was found to be closely related to sample weight loss rate under both 
flaming and non-flaming conditions. 
Variations in radiant heating rate were observed to have a 
significant effect on particulate characteristics for non-flaming 
conditions. Increases in radiant heating rate resulted in larger 
measured particle sizes and substantially higher particulate mass 
concentrations for all three materials. Purthermore, time-resolved 
particle size measurements show that particle sizes tend to vary 
during non-flaming tests run at high radiant heating rates. 
Discussions of these results in relation to the known mechanisms 
of pyrolysis and combustion of polymeric materials yield general 
explanations for the measured particle size and concentration behavior 
observed during this test program. In addition, these results pro-
vide important new Information, from a practical standpoint, on the 
physical characteristics of smoke particulates generated by burning 
polymeric materials. Measurements of smoke particles show that they 
Vll 
are in a size ränge where a high percentage may be inhaled and then 
retained within the human respiratory System. The fact that parti-
culate mass concentrations increase substantially with increases in 
radiant heating rates (for non--flaming tests) is particularly significant 
in relation to test methods using relatively low radiant heat fluxes. 
Finally, this particle size and concentration Information is necessary 
in the development of light obscuration theories which would predict 
the obscuration of vision due to smoke particulates. 
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CHARTER I 
INTRODUCTION 
In recent years, it has become widely accepted that smoke and 
toxic gases are responsible for the majority of fatalities and much 
of the property damage attributed to fires in buildings.^ ' During 
the initial phases of most fires, the rate of spread of smoke and 
toxic gases from the fire site to nearby locations is considerably 
(o) 
faster than the spread of the fire itself.^ ' The large quantities 
of smoke that spread in this manner produce physical discomfort and 
obscure vision, thus preventing occupants from using available escape 
routes. Victims trapped under such circumstances soon succumb to the 
toxic effects of the combustion products. In addition, smoke often 
prevents firemen from locating and then extinguishing a fire, while 
it also interferes with rescue efforts. 
As progress in science and technology has produced a greater 
variety of more complex materials, the danger of losses in lives and 
property due to smoke produced in building fires has increased. These 
new products generate varying quantities of smoke and toxic gases, and 
thus add a significant "unknown" to the evaluation of the hazards 
present during building fires. Also there is an increased smoke 
hazard due to the increasing number of high-rise buildings. Smoke 
produced in multi-story building fires is often rapidly transported 
by various mechanisms (e.g., Ventilation Systems, stack effect, etc.) 
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to parts of the building rernote from the fire. Stairwells and elevator 
shafts become clogged with smoke, making them unusable for escape 
purposes, and thus endangering the lives of a greater number of 
occupants. 
Smoke consists of a complex mixture of solid and liquid particles, 
such as soot, tar droplets, mists, etc., in addition to the gaseous 
combustion products. Although the particulate matter is not generally 
considered to be as toxic as the gaseous products, it may have an 
extremely irritating effect on the eyes and nasal passages resulting 
in reduced vision, coughing, extreme discomfort, and undesirable 
synergistic effects. Smoke particles vary in size, although most of 
them are approximately one micron in diameter or less. Particles of 
this size are very effective in obscuring vision and are readily 
transported by gas currents. 
Smoke particulates are characterized by size distribution, 
shape, chemical composition, mass, mass-to-charge ratio, and particle 
concentration. These physical and chemical characteristics can be 
linked to the physiological and toxicological consequences of smoke. 
Particle size and Charge influence the depth of penetration of smoke 
into the respiratory System^' ', while its solubility and chemical 
composition are presumably responsable for the toxic effects of the 
smoke and any synergistic effects of the inhaled gaseous combustion 
products. 
Although available evidence directly relates the chemical and 
physical characteristics of the smoke to its undesirable effects, 
very little has been done to date to determine the properties of the 
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smoke produced by the burning of different materials under different 
conditions. It is clear, therefore, that additional Information is 
needed on the characteristics of smoke and gaseous combustion products 
in order to institute effective building code requirements and to 
develop better test methods for studying smoke generation. The objective 
of the studies described in the following pages is to help fill the 
above-mentioned Information gap by providing new Information on the 
physical characteristics of smoke produced by burning materials. 
Measurements of smoke particulate size distributions and particulate 
mass concentrations have been made while small samples of commonly-
used building materials were burned under conditions simulating "real-
fire" situations. Changes in smoke characteristics have been studied 
for samples burned under conditions of flaming and non-flaming com-
bustion in atmospheres having different compositions. Finally, 
existing hypotheses dealing with the mechanisms of pyrolysis and 
combustion of polymers have been used to help analyze the results 
obtained in the above-mentioned experiments. The importance of these 
results in determining actual fire hazards is also discussed. 
Background 
A complete description of the smoke particles produced frorn any 
burning material can be provided only "when the total weight of the 
material in Suspension, its physical and chemical properties, and its 
State of dispersion are known. The techniques for determining such 
properties may be divided into two categories: (l) methods which 
involve withdrawing samples from the Suspension for further analysis 
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by various apparatus, and (2) in situ methods. Reviews of the methods 
and apparatus used to analyze aerosols are given in Refs. 5 and 6. 
Particle size and concentration measurements by sampling can be 
obtained in a wide variety of ways„ Cascade impactors, centrifugal 
Separators, electrical mobility analyzers, and light scattering 
instruments are specifically designed for the determination of particle 
size data. Particles collected by filters, electrostatic precipitators 
and impingement samplers may be analyzed to determine size, as well 
as concentration data. In addition, Instrumentation is available for 
continuous particulate mass concentration measurements (by sampling) 
using a piezoelectric crystal. 
In situ aerosol analysis usually employs some type of optical 
System for light attenuation and scattering measurements. Optical 
density, average particle size, index of refraction, and volume con-
centration are examples of data obtained from such Systems. 
A number of research programs that are concerned with the deter-
mination of the "smoking" properties of various materials, by means of 
small scale tests, have been, and are currently under way. Small 
scale tests frequently adopted in building codes are the ASTM E8̂ + 
Tunnel Test(7), and the ASTM E286 8 foot Tunnel Test(8). While these 
tests are principally designed for the evaluation of flame spread 
characteristics of materials, they are nevertheless used by many 
codes in the evaluation of the potential smoke particulate production 
of various building and furnishing materials. Thus, in order to deal 
more adequately with the problem of smoke production, other small-
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scale smoke test Chambers have been developed. In such Chambers, 
samples of materials are tested under conditions of either smoldering 
or flaming combustion. Tests are conducted with and/or without Chamber 
Ventilation, and the relative smoke particulate production capability 
of each sample is determined by the attenuation of a collimated beam 
of light passing through the smoke. 
Two widely used smoke test Chambers are the Rohm and Haas XP-2 
Chamber^ and the NBS Smoke Chamber^ K The XP-2 Chamber is a closed 
box, 12" x 12" x 3l"3 in which one inch Square, l/V thick samples are 
exposed to a flame. Smoke density is evaluated from light attenuation 
and the loss of visibility of a Standard EXIT sign. The NBS Chamber is 
larger (2 ft. x 3 ft. x 3 ft.) and it uses a larger test specLmen (3 in. 
Square, l/k in. thick) than the XP-2 Chamber. The Standard NBS Chamber 
test is conducted under either smoldering or flaming conditions, where 
the Chamber is not ventilated. Relative smoke density is again deter-
mined from light attenuation measurements, and is evaluated in terms 
of the specific optical density^ '. Optical density measurements are 
advantageous, since they can be related to the visibility of objects 
seen through smoke; and, in fact, such Information is quite often used 
to compare the relative smoke production capabilities of various 
materials^ '. Unfortunately, the above-mentioned data cannot, at 
present, be directly related to other smoke particle characteristics 
(i.e., particle size, particle concentration, chemical eomposition, 
etc.), which are important in the evaluation of the physiological and 
toxicological effects of smoke. Furthermore, small-scale tests 
results obtained in different Chambers at different laboratories often 
do not correlate well with one another; or with results obtained in 
other related experiments^ K 
Modifications to the Standard EBS smoke Chamber have been made 
at the Lawrence Radiation Laboratory (LRL)' ^' ' and the University 
(15 16) 
of Utah. ' The smoke Chamber at LRL has been modified to provide 
controlled Ventilation rates of up to 20 air changes per hour. Test 
results at LRL provide a large quantity of data on the relative smoking 
properties of polymers and woods in terms of optical density measure-
ments. 
(13,1*0 
The NBS Chamber at the University of Utah has been 
modified to allow for continuous monitoring of sample weight.^ •' 
In addition, a variable high-energy flux radiant heat source has been 
developed and results show the smoking characteristics of materials 
to be dependent upon radiant heat flux during flaming and non-flaming 
smoke tests.d8) Once again, the Information obtained in these tests 
has been basically limited to optical density measurements. 
The increased use of additives and coatings for building 
materials has created interest in the effects that such treatments 
have on their smoking properties. Specifically, there is evidence 
to indicate that the use of fire retardants in synthetic polymers may 
tend to increase the amount of smoke produced by such polymers.^"'' 
Also, studies of wood coating Systems^ ' have shown that coated 
Douglas Fir produces varying quantities of smoke as compared to the 
wood itself. Notably, none of the coatings tested reduced smoke 
under conditions of flaming combustion. 
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Although the number of detailed theoretical studies dealing 
with the smoking characteristics of polymers is limited to a few, 
some examples do exist. In an analytical study related to MBS Chamber 
(22) 
experiments conducted at the University of Utah, Seader and Chien^ ' 
have recently pointed out the need for studies that will provide data 
on smoke particulate size distribution and concentration. In Japan^ ' 
and Canada,^ ^ theoretical considerations have led to the definition 
of a "smoke generation coefficient," for characterizing the smoke 
production capabilities of materials. This smoke coefficient is used 
in conjunction with a first-order Arrhenius type reaction rate expression 
to predict the smoke production rate of a particular material. 
Finally, there are a number of investigations deserving mention, 
which deal with the detailed characteristics of particulates produced 
during the pyrolysis and combustion of polymers. The U. S. Public 
(25) Health Service has sponsored studiesv ' of particles produced from 
the pyrolysis of polytetrafluoroethylene (Teflon). This work includes 
investigation of both physical and chemical characteristics of the 
particulates, and the toxicological aspects associated with their 
generation. The physical characteristics, i.e., particle size and 
shape, were determined by electron microscopy techniques. More 
recently, the Federal Aviation Administration has sponsored studies 
in which aircraft cabin materials were studied under "flash fire" 
conditions.^ ' Here, attempts were made to establish the chemical 
composition of the particulate residue produced during the burning 
of a flexible urethane foam. Similar work has also been done at the 
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(27) British Fire Research Station at Borehamwood.v lJ At the U. S. Naval 
Research Laboratory, investigations^ ' have established that soot 
particles generated by burning polyvinyl Chloride may act to transport 
hydrochloric acid. Thus, the penetration of HCL (also produced by 
burning PVC) into the human respiratory System might then be determined 
by the size characteristics of the soot particles. Work conducted 
at the National Bureau of Standards has yielded Information on the 
size and shape characteristics of smoke particles produced from 
combustion of PVC, red oak (wood) and ABS under flaming conditions.^ -^ 
Scanning electron microscope pictures taken of the smoke particles 
show the general appearance öf the particles and provide an estimate 
of the maximum and minimum particle sizes. Such data give qualitative 
information on particle characteristics although it does not provide 
important quantitative information on particle size distributions. 
While the above-mentioned research indicates increasing emphasis 
on the analysis of smokes produced by burning materials, it also points 
our areas in which additional research is needed. The investigation 
reported in Ref. 22 clearly points out the need for experimental data 
on the size distribution and concentration of smoke particles in the 
development of theoretical modeis. In addition, size distribution and 
concentration data are important for toxicological studies related 
to smoke particulates. Finally, previously developed small-scale test 
Chambers are not able to adequately simulate "real-fire" environments; 
where materials are burned at high radiative heating rates in high 
temperature gases of varying compositions. To be meaningful, data 
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must be obtained under conditions that simulate those observed in actual 
fires as closely as possible. The research presented in this thesis 
represents an effort to provide data on smoke characteristics that will 
raeet these needs. 
Objectives 
The review presented in the previous section indicates that in 
order to reduce the hazards of combustion products, research is needed 
in several areas. The research presented here is designed to meet the 
following objectives: 
1. Development of small-scale testing methods that could be 
used to predict the characteristics of the smoke particulates generated 
in actual fire situations. 
2. Development of an aerosol sampling System to be used in 
conjunction with small-scale smoke test methods. 
3. Determination of particle size distributions and particulate 
mass concentrations of smokes generated by burning three commonly used 
building materials under different environmental conditions. The 
materials to be used are Douglas fir (wood), rigid urethane foam, and 
polyvinyl Chloride plastic. 
h. Determination of the effects of changes in atmospheric 
composition on the smoke particulate characteristics measured during 
the burning of the above-mentioned materials. 
5. Determination of the effects of the types of combustion, 
i.e., flaming or smoldering, on the smoke particulate characteristics 
measured during the burning of the above-mentioned materials. 
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6. In the case of smoldering combustion, determination of the 
effects of Variation in radiant heat flux on the smoke particulate 
characteristics measured during the burning of the above-mentioned 
materials. 
7. Discussion of measured smoke particle size and concentration 
characteristics as they relate to current hypotheses dealing with the 
mechanisms of smoke formation for the materials studied in this program. 
Such Information could possibly be of use in extending the experimental 
results obtained here to other environmental conditions of interest, 
and in providing greater insight into the basic mechanisms responsible 
for the generation of dangerous smoke particulates during actual fires. 
Also, these results will be discussed in terms of their applicability 




In order to meet the objectives outlined in Chapter I, an 
experimental test prograra has been carried out in a new small-scale 
smoke test facility. The facility consists of two basic components. 
First, a small-scale smoke test Chamber to be called the Combustion 
Products Test Chamber^ >^', has been constructed for determining 
the properties of the smoke produced during the combustion of various 
samples under carefully controlled conditions. Second, an aerosol 
sampling System has been developed for determination of the physical 
properties of smoke partieulates generated during tests run in the 
Combustion Products Test Chamber. Measurements of particle size 
distributions, particulate mass concentrations and sample weight 
loss characteristics have been made for three commonly used building 
materials: Douglas fir (wood), polyvinyl Chloride, and a rigid 
urethane foam. 
Facilities and Instrumentation 
Combustion Products Test Chamber 
In this study, a recently developed^ ' small-scale test 
Chamber has been utilized in determining the physical properties of 
the smoke produced during the combustion of various samples under 
carefully controlled environmental conditions. Ihe Combustion Products 
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Test Chamber (CPTC) incorporates several features designed to make it 
raore versatile than previous smoke-test Chambers. The CPTC, shown in 
Figure 1, consists of two (2) stainless steel Shells, and is designed 
to be continuously ventilated during smoke tests. The outer shell is 
solid, cubical (h ft. x h ft. x k ft.) and equipped with a door for 
access to the inner shell. Four one-half inch diameter ports for 
introduction of selected Ventilation gases are located on one wall 
near the floor of the outer Chamber. 
The perforated inner shell consists of a cylindrical lower 
section 27 inches in diameter and a conical upper section, approxi-
mately 19-5 inches high. A four (̂4-) inch diameter exhaust stack 
mounted on top of the cone, projects through the top of the outer shell 
The inner shell is equipped with a removable, perforated plexiglas 
window in the lower section, for access to the sample. The sample 
is mounted in the center of the inner shell two inches above the 
floor. The sample holder, a modified version of the one used in the 
NBS Chamber^ ' is shown in Figure 2. It is supported by a quartz 
rod, leading to a force transducer for continuous recording of sample 
weight. 
The perforations of the inner shell allow the ventilating gas 
mixture, entering the plenum between the Shells, to slowly and uni-
formly flow into the iminediate surroundings of the test sample. The 
flow of ventilating gas through the perforated shell prevents 
absorption and deposition of condensable vapors and solid particles 
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Figure 1. Combustion Products Test Chamber 




to flow through the Sampling Section immediately above the Chamber. 
Thus, the gas flow prevents the accumulation of combustion products 
in the Chamber by continuously sweeping them out through a vent above 
the Sampling Section. 
The conditions under which combustion of a sample take place 
can be varied in three ways: 
1. The atmospheric composition in the Chamber can be carefully 
controlled through introduction of selected gases through the four 
ports mounted in the outer shell. Needle valves and float-type variable 
area flowmeters are used to control gas flow from high-pressure 
cylinders adjacent to the outer Chamber. 
2. Combustion of the sample may be carried out under either 
flaming or smoldering conditions. The inner shell is equipped with 
a variable flux radiant heat source, with the capability of providing 
up to 10 W/cm^ of radiant energy at the face of the sample being 
tested. The heat source, shown in Figure 3? consists of four tungsten 
filament quartz lamps with a flat ceramic reflector (Research Ine., 
Model No. ̂ -083-5-6-E). The dimensions of the "radiating" area of the 
heater are approximately 5.25 inches x U.75 inches. The inner shell 
is also equipped with a stainless-steel propane pilot burner (Figure 
h). The burner consists of a l/k inch diameter tube, positioned along 
the bottom edge, and l/k inch away from the face of the sample. The 
side of the burner adjacent to the sample has been drilled with 25 
0.02^ inch diameter holes, l/8 inch center-to-center, extending the 
width of the sample face. This arrangement provides a band-like flame 
across the lower edge of the sample, Propane and an air-oxygen mixture 
Figure 3« Hadiant Heater 
ĉ  
Figure k. J^ropane Burner 
H 
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are supplied to the burner from bottles outside the outer Chamber, and 
the flame may be remotely ignited by a spark igniter mounted near the 
center of the flame strip. During tests involving smoldering conditions, 
the radiant heater is adjusted to various pre-determined heating rates; 
while in flaming tests the propane flame is utilized to ignite the 
flammable products generated by a smoldering sample, also subjected 
to a preselected radiant heat flux. 
3. The variable flux radiant heat source allows the study of 
sample behavior under a number of radiant heating conditions. By 
adjusting the voltage input into the heater and the distance between 
sample and heater, the incident radiant energy at the sample face can 
be varied over a relatively wide ränge of heating levels. In this 
study, the effects of variations in radiant heating conditions have 
been studied for smoldering combustion only. 
Aerosol Sampling System 
The sampling section located above the shell is designed to 
allow samples to be continuously withdrawn from the vent gas flowing 
from the CPTC. A schematic of the aerosol sampling analysis System 
is shown in Figure 5. Two stainless steel sampling probes are used 
to withdraw samples of the combustion products from the sampling 
section. The sample withdrawn by one of the probes (l/2" O.D.) leads 
to an Andersen Sampler (Model 21-000)^ , which measures particle 
size distribution for the size ränge 0.̂ 3 to 11 microns. Part of 
the sample withdrawn by the second probe (l/V' O.D.) goes to a Whitby 
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Figure 5. Aerosol Sampling System - Schematic 
20 
for particle size distribution determination in the ränge 0.01 to 1.0 
rnicron. The remaining portion of the second sample is directed into 
a Mass Monitor (Thermo - Systems, Inc., Model 3200 B)(35,36) ^ ^ C ^ 
measures the smöke particulate mass per unit Volume. The Whitby 
Analyzer proyides size distribution measurements every 1.5 minutes 
during a test. While the Andersen Sampler (cascade impactor) gives 
an integrated size distribution for an entire test. Samples of the 
solid and liquid particles accumulated in the stages of the Andersen 
Sampler are collected after each test, weighed and then stored for 
later chemical analysis. Smaller particles (less than 0.̂ 3 micron) 
not collected in the Andersen Sampler are trapped by an absolute filter 
(Gelman Type A, glass fiber) and are later recovered for further analysis. 
The openings of the two stainless steel probes are positioned 
parallel to the flow passing from the inner shell through the four (k) 
inch diameter exhaust pipe. After entering each probe, the sample 
flow undergoes a ninety (90) degree turn and exits through flanges 
on opposite sides of the sampling section. Flow through the l/2 inch 
probe is then directed to the Andersen Sampler for Separation by 
particle size. The flow through the l/k inch diameter tube is diluted 
as soon as it leaves the Sampling Section, where it then passes 
through a particle Charge neutralizer. The dilution is required in 
order to maintain particle concentrations within the limits required 
for Operation of the Whitby Electrical Aerosol Analyzer and the Mass 
Monitor. The Electrical Aerosol Analyzer also necessitates use of 
the particle neutralizer because its Operation depends upon the 
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electrical properties of uncharged aerosols. Finally, after exiting 
the neutralizer, the aerosol flow in the l/k inch probe is split, and 
separate flows are directed into the Electrical Analyzer and the Mass 
monitor. Detailed procedures establishing sampling flow and dilution 
rates are given in Appendix A. Also, it was determined at the outset 
of the program that isokinetic sampling procedures were not required 
for the particle sizes under consideration. A discussion of the 
justification for the sampling procedures used, especially pertaining 
to isokineticity, is included in Appendix A. 
Test Program 
The test program has been designed to study the properties of 
the smoke particulates produced by burning samples of typical con-
struction and furnishing materials under conditions simulating actual 
fire conditions. The materials that have been studied are Douglas fir 
(wood), polyvinyl Chloride plastic, and a rigid urethane foam. The 
experimental program followed for each material is outlined in Table 
1. During the test program, the following quantities have been 
systematically varied: (l) the composition of the Chamber atmosphere, 
(2) the type of combustion (i.e., flaming or smoldering), and (3) in 
the case of smoldering combustion, the intensity of the radiant heat 
flux received at the sample surface. The data from these experiments 
could then be analyzed in an effort to determine the similarities and 
differences between the properties of smoke particulates resulting 
from the burning of the three materials under identical conditions 
and the burning of the same materials under different conditions. 
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Combustion *N2 1o02 $co2 ico %Ee 
1 300 Air 0 0 0 
Non-flaming 
3.2 W/cm2 
2 300 Air 0 0 0 Nön-flaming 
6.2 W/cm2 
3 300 Air 0 0 0 Non-flaming 
9.2 W/cm 
k 300 80 10 10 0 0 Non-flaming 
3.2 w/cm2 
5 300 80 10 10 0 0 
Non-flaming 
6.2 W/cm2 
6 300 80 10 10 0 0 
Non-flaming 
9.2 W/cm2 
7 300 80 5 10 5 0 
Non-flaming 
6.2 W/cm2 
8 300 Air 0 0 0 Fläming 
9 300 80 10 10 0 0 Fläming 
10 300 80 5 10 5 0 Fläming 
11 300 80 15 2.5 2.5 0 Fläming 
12 300 0 15 0 0 85 Fläming 
23 
Furthermore, these measurements help determine those variables that 
have the greatest influence on the characteristics of smoke particulates 
generated during the combustion of different materials. 
The three materials selected for the test program were chosen 
due to their widespread use in construction and furnishing products, 
and because of their commercial availability. The results of experiments 
where such materials are tested can then be interpreted in terms of 
the actual danger, or relative lack of it, to occupants of buildings 
during most fires. Wood is the most widely used of the three polymeric 
materials under consideration, and Douglas fir is extensively used 
for construction purposes. Wood is composed of three basic polymeric 
materials: cellulose (50 percent), hemicellulose (25 percent), and 
lignin (25 percent)^ . Cellulose and hemicellulose are polymers 
of glucose, while lignin is an extremely complex polymer which is 
predominantly aromatic in nature. 
Polyvinyl Chloride produced by the polymerization of vinyl 
chloride, is used extensively in automobiles, household items, house 
siding, flooring, piping and textile coatings.^-" The PVC samples 
tested here are a Standard-impact, rigid plastic manufactured by 
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In addition to the pure polymer, PVC usually contains plasticizers 
for maintaihing- the desired flexibility (or rigidity), according to 
(19) 
the application. K~J-y/ 
Urethane foams cover a wide class of rigid and flexible cellular 
materials used in furniture and bedding (flexible), and thermal 
insulation (rigid).^^y) Rigid foams are usually based on branched 
polyether polyols and either toluene diisocyanate , or a polymeric 
polyisocyanate.^ ' The urethane tested in these studies is a flame 
retardant expanded rigid foam manufactured by the Dow Chemical Company 
(Thurane brand). It is a closed cell material prepared for use as 
thermal insulation and has an average density of 1.9 lb/ft^. Although, 
the exact molecular formula is proprietary, it is known that the 
formulation includes a polymeric polyisocyanate, with functionality 
of. 3 to 3i"? and a polyether polyol derived from a phenol forraaldehyde 
resin and propylene oxide. 
The gas compositions indicated in Table 1 reflect atmospheric 
extremes which might be found in actual fire situations. Qxygen 
concentrations in fires vary from well below 10 percent to near 
normal levels depending on the stage of fire development and the 
location within a burning enclosure.^ ' ' Carbon monoxide and 
carbon dioxide concentrations are also found to vary significantly 
in fires. For example, CO levels have been measured near 3 percent 
^ > ' and COp levels have peaked above 10 percent (by volume). 
Clearly, then, there is no established set of atmospheric compositions 
to be found in building fires, especially given the highly dynamic 
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conditions involved. Nevertheless, considering the above mentioned 
data it is believed that the compositions used in this tes.t prograra 
represent a reasonable set of conditions for Simulation o f "real" fire 
situations. The tests in atmospheres containing helium have been 
ineluded to simulate fire environments found in hyperbaric Chambers. 
The types of combustion sustained by test materials, as indicated 
in Table 1, is also intended to simulate the burning conditions in 
actual fires. In that regard, smoke is usually considered to be 
generated under two different conditions: flaming and non-flaming 
combustion. For the case of non-flaming combustion, or smoldering, 
smoke particulates are generated by the thermal degradation of materials 
subjeeted to radiant heating levels of varying intensities. When the 
flammable volatiles released during smoldering are subsequently ignited, 
the smoke particulates are then generated by flaming combustion. In 
the smoke tests described here, smoke particles are studied for both 
types of combustion. Finally, full-scale fire tests have found 
radiative heating to vary significantly, with measured peak radiation 
levels ranging between 6 w/ern1^ and 20 W/cm . The effects of 
variations in radiant heating rates on smoke particulates generated 
during non-flaming combustion are also studied for selected appropriate 
radiative heating conditions. 
In a typical smoldering test, a srnall sample (3 in. Square, 
1/8-3/8 in. thick, depending upon the material) of the material to 
be tested is mounted in the sample holder and positioned within the 
inner shell. After the speeified Ventilation gas has begun to flow 
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through the Chamber, the variable flux radiant heater is adjusted to 
radiate the face of the sample at the pre-determined heating rate. 
When the radiant heater has reached a steady-state Operation, a cover 
positioned over the sample is remotely withdrawn and the continuous 
sampling of the combustion products is initiated. In all flaming tests, 
the radiant heater is adjusted to radiate the face of the sample at 
a heating rate of 2.5 W/cm . When the heater has reached steady-state 
Operation, a propane burner is remotely ignited and the continuous 
sampling of the combustion products is initiated. The sample cover 
is not utilized during the flaming tests. For a complete description 
of test methods and procedures, see Appendix B. 
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CHAPTER III 
NON-FLAMING TESTS - RESULTS AND DISCUSSION 
In the combustion and thermal degradation of wood and polymers, 
the generation of gaseous and particulate products falls into two 
distinct categories corresponding to non-flaming and flaming 
(10 2?) conditions.^ » J Therefore for purposes of discussion, the pre-
sentation of results in Chapters III and IV are divided into the two 
categories: non-flaming tests and flaming tests. This chapter contains 
the results and related discussion of the non-flaming tests outlined 
in. the Test Schedule in Chapter II. Non-flaming combustion, as defined 
here consists of the thermal degradation of a sample heated by radiation. 
The subsequent release of products may contain a complex mixture of 
solid and/or liquid particles which are not necessarily carbonaceous 
in nature.^ ' Thus, smoke properties observed during non-flaming 
combustion have been found to be markedly different from the carbon-
aceous or sooty smoke particulates generated during flaming combustion. 
(10,-14, 22) 
All three materials described in Chapter II were tested under 
each of the conditions outlined in Table 1. Wood samples tested were 
l/k inch thick, urethane samples 3/8 inch thick, and polyvinyl Chloride 
samples l/8 inch thick. The exposed face of all samples is 3 inches 
by 3.inches Square, and all samples are mounted vertically in the 
inner shell. In this chapter, measurements of smoke particle size 
distributions, smoke particulate mass concentrations and sample weight 
loss are presented for each of these materials during non-flaming com-
bustion. For details of Instrument Operation, data reduction methods 
and data accuracy the reader is referred to Appendix C. 
Douglas Fir 
Douglas Fir Results . 
Results from tests of Douglas fir samples under non-flaming 
conditions are given in Figures 6 through 2k. Figure 6 presents a 
comparison of particle sizes obtained for three heating rates in air, 
from Andersen Sampler data. The particle weight distributions shown, 
then, are integrated distributions taken over an entire test. It 
should be noted that the results for the 9«2 W/cm2 case are for 
flaming combustion, as the majority of wood samples tested at 9«2 
W/cm2 (in air) experienced flaming ignition between one and two 
minutes into the test. Figures 7 and 8 give particle size distri-
butions for particles below the ränge of the Andersen Sampler from 
Electrical Aerosol Analyzer measurements. Figure 7 shows a typical 
volume distribution for small particles during tests run at 3.2 W/cm2 
in air, while Figure 8 shows a significant change in particle size 
characteristics with time for a test run at the higher heating rate 
of 6.2 w/cm . Note that the volume distribution data taken from 
Electrical Aerosol Analyzer measurements can be directly compared 
with weight distribution data from the Andersen Sampler, assuming 
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relatively homogeneous over the entire ränge of particle sizes. From 
Visual observations of these particulates collected on the impaction 
plates of the Andersen Sampler, it was found that the particles do 
appear to be homogeneous in nature over all particle sizes. 
These initial measurements indicate definite smoke particle 
size dependence on radiant heating rates for the samples of Douglas 
Fir in air. At the lowest heating rate (3.2 W/cm ) particle sizes 
are generally in the ränge expected for wood pyrolysis; i.e., near 
0.5 micron or less.^ However, at the higher heating rate of 6.2 
W/cm , a large fraction of the total particulate mass is shifted 
toward greater particle sizes, as indicated by Andersen Sampler data. 
An interesting aspect of the results is the Variation in particle 
sizes at the heating rate of 6.2 W/cm , where particles appear to 
peak in size at, or near, 6 minutes into the test. As shown in 
Figure 13, this peak corresponds to a period of maximum smoke con-
centration. In the 9»2 W/cm case a considerable amount of soot was 
formed during the flaming combustion.^ > The appearance of these 
fine black soot particles is in contrast to the brownish, translucent, 
tarry droplets predominant in wood smoke produced under non-flaming 
conditions. 
•Measurements of smoke particle size characteristics for Douglas 
Fir in different atmospheres are. presented in Figures 9 through 12. 
Figure 9 gives a comparison of particle size characteristics at the 
two higher heating rates in an atmosphere containing only 10 percent 
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as it did for the same heating rate in air. Figure 10 shows the average 
volume distribution of particles at the lowest heating rate (3.2 W/cm2) 
in the same atmosphere of 10 percent oxygen. The time resolved particle 
volume distribution in Figure 11 again indicates variations in particle 
sizes during tests run at 6.2 W/cm . Similar data was presented for 
non-flaming conditions in air. Finally, comparisons of particle size 
characteristics in three atmospheres can be taken from Figure 12. 
Generally, the results obtained in oxygen depleted atmospheres 
show the same trends as indicated earlier for tests run in air. The 
data shows a general increase in particle sizes as heating rate 
increases; especially as the heating rate is increased from 3-2 W/cm2 
to 6.2 W/cm . Furthermore, while the Andersen Sampler gives size 
distributions for the total raass of particulates generated, it is 
again interesting to note the fluctuation in particle size distribution 
throughout a test at 6.2 W/cm . Comparison of Andersen Sampler data 
for the three atmospheres at 6.2 W/cm2 provides further evidence that 
the non-flaming smoke particle size characteristics for wood are 
relatively insensitive to changes in atmospheric composition. Only 
minor differences in the respective curves for each atmosphere are 
indicated. 
Particulate concentrations and sample weight loss data are 
presented in Figures 13 through 17. Figures 13 and 15 demonstrate 
the fact that the measured maximum particulate mass concentrations 
were substantially greater at the higher heating rates in both air 
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Figure 13. Comparison of Wood Smoke Concentration at 
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Figure 17. Comparison of Sample Weight Loss Rate with 
Particulate Concentration for Wood - At 6.2 
W/cm2 in 80$ N2, % 02, 10$ C02, % CO 
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correlations between sample weight loss rate and particulate mass 
concentration are evident in Figures lk, l6 and 17. They show that 
particulate concentrations are closely related to the rate at which 
the smoldering sample is losing mass during a test. The above-mentioned 
data also shows little difference in particulate concentration and 
sample weight loss characteristics due to changes in atmospheric 
compositions. 
CPTC Ventilation Rate Effects. Since the nucleation, growth 
and agglomeration processes which take place during the formation of 
smoke particulates can be affected by the surrounding chemical and 
thermal environment^ ^', it follows that the Ventilation rate used 
during smoke tests might influence particle sizes measured at the 
Sarapling Section. For this reason, non-flaming tests of wood irradiated 
at 6.2 W/cm were run at two CPTC Ventilation rates in addition to 
the Standard 15 CFM rate indicated in Table k. The results of these 
tests are presented in Figures 18, 19 and 20. Figure 18 compares 
Andersen Sampler data for the three Ventilation rates. It shows 
little difference in particle size characteristics between vent rates 
of 10 CFM and 15 CFM, but does show somewhat larger particle sizes 
at the Ventilation rate of 20 CFM. Figures 19 and 20 seem to 
support this finding, since the larger particle sizes are dominant 
over a greater (in time) fraction of the test run at 20 CFM, than at 
tests run at 10 CFM and 15 CFM. 
Sample Thickness Effects. Although wood sample thicknesses of 
l/k inch have been widely used in this study and others (such as the 
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NBS smoke tests ' , many other sample thicknesses are of great 
importance from a practical standpoint. Furthermore, it is important 
conceptually to know what effect changes in sample thickness might 
have on the particulate characteristics measured here. In recognition 
of these facts, a limited study of l/2 inch thick wood samples was 
carried out during this program. The results are presented in Figures 
21, 22 and 23. Figure 21 shows only a slight difference in the 
integrated particulate weight distribution between sample thicknesses 
of l/k inch and l/2 inch, which have been irradiated at 6.2 w/cm2 in 
air. Furthermore, the fluctuation of particle size characteristics 
indicated in Figure 22 is similar in trend to results obtained for l/k 
inch samples. The only substantial difference in the smoke-producing 
characteristics of l/k inch and l/2 inch thick wood samples is shown 
in Figure 23. This data shows the l/2 inch thick sample producing 
high mass concentrations of particulate for a longer time period. In 
fact, relatively high concentrations of smoke were still observed when 
the test of the l/2 inch thick sample was terminated. 
Comparison with Optical Measurements. Simultaneous in situ 
optical measurements at the Sampling Section level have been made 
during these smoke tests for purposes of comparison with the Aerosol 
Sampling System data. Particle size data is determined from continuous 
measurements of scattered blue light at forward angles of 5° and 15°. 
The ratio of forward-lobe scattered intensities for those two angles 
then yields the volume-surface mean diameter, Tino'. 
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When Doo is determined by the ratio of scattered light at two forward 
angles, the results have been found to be nearly independent of the 
shape of the size distribution function and relatively insensitive to 
particle refractive index and concentration. The average particle 
size, 11^2, is then determined as a function of time during the smoke 
tests. Complete details of the optical measurement system can be 
found in Reference k6. 
Figure 2k presents an example of optical particle size data 
for wood irradiated at 6.2 W/cm in air. The particle size fluctuations 
shown in Figure 2k compare favorably with the tirae-resolved size dis-
tributions presented in Figure 8. In addition, the volume-surface 
mean, Dqg' ^as 1°een calculated from the Andersen Sampler data, and 
plotted on Figure 2k for purposes of comparison. Clearly the data 
from the Aerosol Sampling System compares favorably with measureraents 
made by the in situ optical methods for this case. 
Discussion of Douglas Fir Results 
The results just presented will be interpreted from two 
important points of view. First, they should be discussed in terms 
of the complex mechanisms responsible for smoke generated by burning 
materials. In this manner, proposals for altering those processes 
to reduce hazards during fire situations, might eventually be formu-
lated. Secondly, it is important to know the physiological and 
Time 
Figure 2k. Time Resolved Average Particle Size, D325 for Wood Smoke 




toxicological consequences of smoke produced by materials in widespread 
use today. The results presented in this section for Douglas Fir 
provide new and important Information which may be used in determining 
Potential hazards to humans exposed to smoke particulates. 
The formation of particulates generated in any combustion 
process is a complex sequence of nucleation, growth and agglomeration. 
^ ' The problem is further complicated here by the fact that wood 
is composed of three different constituents which break down separately 
into many reaction products during the thermal degradation process. 
In fact, each component decomposes one after another as the temperature 
(kl) of the sample increases. Hemicellulose breaks down usually between 
200°C and 260°C, and would be expected to produce few condensable 
tars and liquids as compared to cellulose and lignin.^ '' Cellulose 
evolves water initially and pyrolytic chain scission of the cellulose 
macromolecules takes place between 2hO°C and 350°C. The points at 
which random breaks in the macromolecules occur, and the manner in 
which these breaks are initiated will determine the subsequent 
reactions and corresponding reaction products.*- '' High boiling point 
tars from the pyrolysis of cellulose have been attributed in part to 
aromatization and aromatic condensation of reaction products to form 
(hl) higher molecular weight resmous substances.^ ' Lignin may also 
aceount for the presence of tarry aromatic Compounds in the pyrolysis 
of wood, due to its highly aromatic nature.^ '' 
The initial combined reaction products of hemicellulose, 
cellulose and lignin undergo polymerization and condensation reactions, 
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in addition to further pyrolytic reactions. Polyraerization and con-
densation then account for the high-boiling tars, waxes and resinous 
substances found presumably in particulate form in the "smoke" pro-
(k7) duced during the thermal degradation of wood.v ,y The complexity 
of these processes is eraphasized by the fact that more than 200 Com-
pounds have been identified in the liquid products of destructive 
distillation of wood.^ ' Furthermore, it is difficult to "approximate1 
wood by its most abundant constituent, cellulose, since the predominant 
liquid product of the decomposition of cellulose, levoglucosan, is 
found only in small quantities in the liquid products of wood pyrolysis. 
Inorganic impurities often found in wood tend to reduce or prevent 
(kl) the formation of levoglucosan.' 
The actual formation of tarry particles or droplets as discussed 
above can thus be characterized by a complex series of pyrolytic 
reactions, polymerization, condensation and agglomeration to yield 
the particulates characterized by the measurements presented here. 
Moreover, it is not clear whether particles are formed within the 
sample (in the solid phase of the pyrolysis zone or in the char), or 
are Condensed upon cooling as gaseous products leave the sample 
surface. Given the wide ränge of molecular weights and volatilities of 
the Compounds present in the tarry smoke, ' it seems possible that 
droplets are formed within the sample (near the pyrolysis zone) and 
when cooling takes place as the condensable products flow away. 
Figure 25 provides a graphic representation of the pyrolyzing wood 
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Figure 25. Cross Section of a fyrolyzing Wood Sample 
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Particle size characteristics as presented earlier show 
variations in particle sizes with changes in radiant heating levels 
for non-flaming combustion. Generally, particle sizes are seen to 
increase with increase in heating rate. Also, the increase in particle 
sizes coincides with the higher particulate mass concentration levels 
measured at the higher heating rates. Accordingly, particle size 
differences may then be determined by the relative mass loss rate of 
samples, since the concentrations of condensable species for nucleation 
and subsequent growth and agglomeration are directly controlled by 
the rate at which the sample decomposes. Furthermore, at higher 
heating rates, macromolecules may be torn apart in large fragments 
and carried away before secondary decomposition can take place.''4''' 
This could tend to augment nucleation and then particle growth by 
way of collisions with larger, more complex molecular species. 
Particle size variations during a Single test can also be 
explained in this manner, since the heat flux received at the pyrolysis 
zone moving through a sample continuously decreases as a test proceeds. 
As the pyrolysis wave moves into the sample, an insulating char grows 
in thickness, and thus acts to decrease the rate of decomposition 
and generation of reaction products. Additionally, in later portions 
of tests at higher' heating rates, most of a sample has been reduced 
to char, leaving little virgin material for further decomposition. 
Therefore, with the concentration of condensable species thus 
decreasing, it is reasonable to expect measured particle sizes to be 
decreasing during later periods of the test. This is shown to be 
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the case in Figures 8 and 11. 
Variations in CPTC Ventilation gas compositions had no dis-
cernible effect on particle size characteristics during non-flaming 
combustion, as compared to tests run in air. Although variations in 
oxygen concentratipns would be expected to affect oxidation reactions 
and possibly overall reaction kinetics, it is apparent that such 
effects are negligible in so far as the physical characteristics of 
particulate generation are concerned. Also, the particulate formation 
process may take place prior to significant mixing with oxygen. 
Although a change in sample thickness produced only slight 
changes in particulate characteristics, those changes are consistant 
with previous conclusions drawn from data for l/k inch thick samples. 
For the l/2 inch thick sample, the particulate mass concentration 
level remained at a high level throughout the test primarily due to 
the greater mass of material to be pyrolyzed. Consequently, particle 
sizes were larger throughout the test, as compared with the results 
from l/h inch thick samples. Also, the overall particle weight dis-
tribution from Andersen Sampler data is shifted toward larger particle 
sizes as would be expected from the time-resolved measurements. 
Variation in CPTC Ventilation rates shows only slight dependence 
on the relative cooling rates encountered by the aerosol as it is 
carried out of the Chamber. The larger particles measured at the 
highest vent rate could be explained by more advanced particle growth 
due to more rapid cooling of the products at that vent rate. Other-
wise, this effect does not significantly change particle size 
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characteristics. Furthermore, new data^ ?' is available that provides 
pertinent Information on sraoke particulates at concentrations and sizes 
approximating the concentrations and particle sizes measured at the 
(k9) Sampling Section. These data on the aging of sraokev y indicate that 
there should be little change in the particle size distribution of 
the sraoke aerosol due to agglomeration during the time it takes the 
smoke to travel from the sample face to the Sampling Section. Thus, 
it raay be concluded that the Ventilation gas rates utilized tend to 
quickly dilute and preserve aerosol properties from the time the 
particles leave the vicinity of the sample face. Consequently, the 
measured particle size characteristics are probably determined within 
the sample (pyrolysis zone or char layer), or at least at the surface 
of the sample face. In any event, the evidence indicates that little 
change takes place in particle size characteristics after the combustion 
products leave the domain. of the sample. 
As previously mentioned, the particulate mass concentrations 
generated during non-flaming tests of wood varied considerably with 
heating rate. This is consistant with a number of experimental and 
theoretical studies, ^ '̂  '•* ' where the mass loss of wood samples 
has been described by Arrhenius rate equations. Thus, the higher 
sample temperatures expected at higher heating rates would then give 
rise to higher mass loss rates. Furthermore, the data shows that the 
particulate concentration is then closely related to the rate at 
which the smoldering sample is losing mass during the test. The 
greatest difference between maximum particulate mass concentrations 
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is evident between heating rates of 3-2 w/cm^ and 6.2 W/cm . The 
fact that maximum particulate mass concentrations do not substantially 
increase between 6.2 w/cm2 and 9-2 W/cm2 may be due to more secondary 
pyrolytic breakdowns and oxidative reactions of tarry substances at 
the higher temperatures. 
The results reported here provide important new information on 
the properties of wood smoke produced under non-flaming conditions, 
in terms of three practical considerations. First, the correct measure-
raent of particle sizes is found to be important because the observed 
particle sizes are in a ränge where ingestion and retention in the 
human respiratory System may be high. For particle sizes near one 
micron, Davies shows that up to 75 percent of particulates may be 
(51) retained in the respiratory tract and lungs of a human. Thus, 
if these particles are toxic in nature, or when combined with the 
Volatile combustion products are responsible for toxic synergistic 
effects; then their retention within the respiratory system becomes 
extremely important. Also, Stone^ ' has shown that toxic gases may 
be absorbed on the surface of particles, and then carried into the 
respiratory system. Secondly, the fact that higher heating rates 
result in the much greater quantities of smoke is significant in 
relation to test methods developed for determining the smoking pro-
perties of materials. Frequently, the most widely accepted smoke 
test methods, e.g., the NBS Smoke Test Method^ , use relatively 
low radiant heat fluxes as compared to heating rates possible in 
actual fires. The results reported here suggest that for wood under 
60 
non-flaming conditions, smoke production varies considerably with 
heating conditions; and thus materials should be tested for their 
behavior under higher heat flux levels. The relative acceptability 
of materials would then be determined under more realistic conditions. 
Finally, thiŝ  data may be used in a theory such as the one developed 
by Seader and Chien,v ' to help determine the ability of a burning 
material to obscure vision. In that study, the specific optical 
density can be predicted once particle size characteristics are known. 
Urethane 
Urethane Results 
Results from tests of the rigid urethane foam under non-flaming 
conditions are given in Figures 26 through 36. The data is discussed 
in the same manner as previously presented for wood under non-flaming 
conditions. Figure 26 gives a comparison of particle sizes obtained 
for three heating rates in air, from Andersen Sampler data. In 
contrast to wood, spontaneous ignition did not occur during any tests 
of urethane at 9-2 W/cm^. Figures 27 and 28 give particle size dis-
tributions below the ränge of the Andersen Sampler. Figure 27 shows 
a typical particle volume distribution from tests run at 3.2 W/cm . 
While particle sizes remained relatively stable during tests at 
3.2 W/cm2; the time resolved data shown in Figure 28 shows that 
particle sizes varied substantially during tests run at 6.2 W/cm . 
The trends indicated in these results for urethane are similar 
to those shown for wood under non-flaming conditions. Definite 
smoke particle size dependence on radiant heating rates is again 
,p< 
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indicated, where there is substantial difference in particle size 
characteristics between tests run at 3«2 W/crrr and those run at 6.2 
W/cm^ and 9*2 W/cm . The particle sizes measured at 3-2 W/cm seem 
to be nearly the same as those measured under the same conditions for 
wood, while particle sizes at 6.2 W/cm^ and 9*2 W/cm are somewhat 
larger than those found for non-flaming wood smoke; i.e., slightly 
greater than one (l) micron. Again, the tirae resolved data at 6.2 
W/cm^ show interesting particle size variations as the test proceeds, 
with maximum particle sizes corresponding to periods of maximum smoke 
concentrations. The smoke particles collected on the stages of the 
Andersen Sampler were found to consist of the yellow-orange, solid 
residue frequently found in studies of pyrolyzing urethane foams,^ * '' 
in addition to a tarry liquid fraction. 
Figures 29 through 32 show the results of non-flaming urethane 
tests run in atmospheres different from air. Figures 29 and 30 compare 
particle sizes measured at the three heating rates in 80 percent N25 
10 percent 0„, 10 percent CO2, while Figure 31 shows particle sizes 
changing in time in an atmosphere containing only 5 percent oxygen. 
Particle sizes from the three atmospheres at 6.2 W/cm^ are then corapared 
in Figure 32. Wotably, the results of tests with several atmospheres 
show qualitatively similar trends for all atmospheric compositions 
tested. The data shows the familiär particle size dependence on 
heating rate for all of the gas compositions. In addition, changes 
in particle size distribution with time during tests at the higher 
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particle sizes at 6.2 W/cm shows differences in the characteristic 
ciirves for the three atmospheres. However, no clear trend is evident 
as, for example, oxygen concentration varies; and the majority of the 
volume fraction for each curve falls within the same particle size 
ränge. Thus, the differences noted for the curves in Figure 32 cannot 
be attributed to changes in atmospheric composition within the accuracy 
of these measurements. 
Particulate concentrations and sample weight loss data are 
presented in Figures 33 through 36. Here it should be noted that 
urethane tests were substantially shorter at the higher heating rates 
than wood or FVC tests since the density of the foam is considerably 
lower than the density of the other two tested materials. Thus urethane 
samples (approximately 1.5 gm in weight) were consumed more rapidly 
than wood or FVC samples (approximately 25 gms in weight) under the 
same conditions. Figures 33, 3^ and 35 show the expected increase 
in maximum particulate mass concentration with increase in radiant 
heat flux. In addition, correlations between sample weight loss rate 
and particulate mass concentration are again evident in Figures 3̂- and 
36. Note that observed time lag's between sample weight loss rates 
and measured particulate mass concentrations, as in Figure 3̂+> corre-
spond to the travel time from the sample to the Mass Monitor. Finally, 
these weight loss and smoke concentration data do not appear to be 
influenced by changes in atmospheric compositions. 
Discussion of Urethane Results 
The results of the tests of urethane foam under non-flaming 

























I I I I I I I I I I I I I I I I 
r 
6.2 w/cm' 
3.2 w/ cm 
urethane 
Air 
;i i i i r r r i -rh-rrrr-t-h-h4-4-T 
5 10 
Time - Minutes 
15 20 
Figure 33 . Comparison of Urethane Smoke Concentra t ion a t 

















































Figure 3^. Comparison of Sample Weight Loss Rate with 
Partî Urldte Concentration for Urethane -







































Figure 35 Comparison of Urethane Smoke Concentrations 
at Different Heating Rates - in 80$ Np, 10$ 
o2, 10$ co2 
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foara, along with others with a similar intended use, is flame retardant 
in nature. Thus, such foam raay undergo considerable decomposition 
without flame under actual fire situations. Purthermore, it has been 
established that flame retardant foams produce greater "quantities" 
of smoke than non-flame retarded foams under the same conditions.^ ^' ' 
Although relatively little is known about the actual formation of 
particles from the decomposition of urethane foams, certain facts do 
provide a framework within which these results may be discussed. 
Additionally, the results provide new Information relevant to the 
physiological and toxicological effects of urethane smoke on humans. 
As previously mentioned, the smoke particles produced from 
pyrolyzing urethane samples consist of a yellow-orange solid residue 
commonly found in various tests of the burning characteristics of 
urethanes,^ > '' and a tarry liquid fraction. It is currently 
believed that the solid particles consist primärily of the polymeric 
isocyanate portion of the urethane structure that has been evolved 
during heating.^ ? '' In addition, fragments of the polymer itself 
might also be included in the solid fraction. These investigators 
have found that polyether urethane foams produce the yellow-orange 
smoke at temperatures between 200°C and 300°C, leaving the polyether 
polyol behind as residue. Of particular note here is the fact that 
the remaining residue is virtually nitrogen free, because most of the 
nitrogen is carried away as part of the yellow-orange smoke (i.e., 
the polymeric isocyanate). The polyether polyol residue is then left 
to decompose at higher temperatures to produce a complex mixture of 
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volatile hydrocarbons and oxygenated species.^2'' These products are 
presumably responsible for the tarry fraction in urethane smoke. The 
yellow-orange solid residue is stable up to 800°C, as shown in the 
(21) decomposition schematic given by Woolley,v ,y and presented in Table 2. 
The formation of the particles eventually measured by the aerosol 
sampling System proceeds then by nucleation, growth and agglomeration 
of complex polymeric molecules of high molecular weights, both liquid 
and solid. Again, however, it is not clear exactly where the primary 
particulate formation process takes place. The stability of the yellow-
orange smoke at temperatures up to 8O0°C introduces the possibility 
that the solid particles appear very near the pyrolysis zone, since 
no appreciable "cooling" is necessary for the particles to exist in 
solid form at high temperatures. 
As previously observed in results of non-flaming wood tests, 
the particle size distribution data taken for non-flaming urethane 
smoke also correlates well with heating rate and thus, particulate 
mass concentration and sample weight loss rate. In fact, the particle 
sizes tend to increase more dramatically between heating rates of 
3.2 W/cm and 6.2 W/cm , than the similar increase recorded for wood. 
Particle sizes are then controlled to some degree by the mass loss 
rate of the sample, since a similar dramatic increase in mass loss 
rates is observed between those heating rates. An increase in sample 
mass loss creates greater concentrations of species which tend to 
augment the nucleation, growth, and agglomeration of particles 
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Table 2. Decomposition Schematic for Urethane 
Foam (from. Woolley(27)) 
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Polymerie macromolecules that condense in this manner may also con-
tribute to the larger sizes measured for urethane as compared to 
particle sizes measured for wood. Variations in particle sizes 
during tests, as indicated in Figures 28 and 31, are attributable to 
two factors mentioned previously. The char layer first insulates 
interior portions of the sample from the heat source, and then 
depletion of virgin material available for decomposition both act 
to decrease the mass loss rate and thus the specie concentrations 
that tend to condense in the form of particles. This is the same 
type of mechanism for particle size variations during non-flaming 
tests that was previously postulated for wood smoke. 
Sample mass loss and particulate mass concentration data for 
the rigid urethane foam are consistent with data taken for wood 
samples and the expected behaviör of a low density foam under extreme 
heating conditions. At high heating ratesr the sample decomposes 
rapidly, producing a sharp increase followed by a rapid decrease in 
particulate mass concentration as the sample is quickly consumed. 
Maximum particulate mass concentrations are found to sharply increase 
with each increase in radiant heating level. This result is in 
contrast to the results for wood in 80 percent Np, 10 percent 0p, 
10 percent COp, which show no definitive increase in maximum parti-
culate mass concentrations between 6.2 W/cm2 and 9.2 W/cm , although 
the mass loss rate does increase. This difference in behaviör 
between the two materials may be attributed to the fact that the 
solid yellow-orange urethane smoke is more stable at higher 
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temperatures than the tarry substances predominant in non-flaming 
wood smoke. 
The physical properties reported here for smoke produced by 
the decomposition of a rigid urethane foam are certainly important 
in the evaluation of smoke hazards to humans during building fires. 
The points made in the discussion of non-flaming wood results are 
also applicable to urethane smoke. Specifically, although particle 
sizes produced by the smoldering urethane are somewhat larger than 
those measured for wood at higher heating rates, available evidence^J 
still indicates that up to 75 percent of the particles may be retained 
in the respiratory tract and lungs when inhaled by a building occupant. 
If the particles are toxic in nature, or if toxic gases are absorbed 
on the particles, then the danger to a person is increased. These 
data also emphasize the need for Standard test methods to include 
higher radiant heating rates, since significant changes in smoke 
concentrations did take place when heating levels were varied. 
Polyvinyl Chloride 
PVC Results 
Test results from PVC samples burned under non-flaming conditions 
are given in Figures 37 through 51. Figure 37 shows particle weight 
distributions for three heating rates in air, as determined from 
Andersen Sampler data. Due to high mass concentrations of parti-
culates produced by PVC, and the tendency of these particles to clog 
the stages of the Andersen Sampler, the l/2 inch probe pump was 
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Figure 37. Particle Weight Distribution for PVC Smoke in Air 
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6.2 W/cm2 and 9.2 W/cur. Also, no spontaneous ignition took place 
during tests of PVC at the high heating rates. Figure 38 provides 
information on particle sizes below the ränge of the Andersen Sampler 
at the lowest heating rate. Particle sizes remained relatively stable 
for tests of PVC at 3.2 W/cm , and Figure 38 gives a typical distri-
bution for particles less than O.36 micron in size. At higher heating 
rates, particles sizes were found to vary during tests. This is shown 
in Figure 39 from data taken by the Whitby Electrical Aerosol Analyzer. 
The trends indicated in the results presented for smoldering 
PVC in air are similar to those presented earlier for wood and urethane 
Particle size increases coinciding with increases in.heating rates 
are evident from both Instruments recording size distribution data. 
The most significant increase is again found to be between 3.2 W/cm2 
and 6.2 W/cm2, corresponding to the substantial increases in parti-
culate mass concentrations to be discussed later. Time-resolved 
particle volume distributions show that particle size characteristics 
seem to vary quite widely at 6.2 W/cm , where the possibility of a 
bi-modal size distribution is indicated late in the test. Generally, 
however, particle sizes increase over the first half of the test, 
and then decrease thereafter. The appearance of the PVC sraoke parti-
culates, when collected on the Andersen Sampler impaction plates, is 
characterized by a solid blackish-green deposit mixed with a tarry 
liquid fraction. 
The results of particle size measurements for non-flaming PVC 
tests in oxygen depleted atmospheres are shown in Figures UO through 
0.1 0.2 0.3 
Particle Size - Microns 
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Particulate Concentration for PVC - At 6.2 
W/cm2 in Air 
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from 3.2 W/cm2 to 6.2 W/cm, and maximum mass concentrations of the 
same order of raagnitude for heating rates of 6.2 W/cm2 and 9«2 W/cmc-. 
Correlations between sample weight loss rate and particulate mass 
concentration are again shown in Figures ^5, h-7 and 48. Particulate 
concentrations are thus closely related to the rate at which the 
smoldering sample is losing mass during tests at all three heating 
rates and all three atmospheric compositions. A slight decrease 
in maximum particulate mass concentration is indicated at 6.2 w/cm23 
when the oxygen concentration is decreased from 20 percent to 5 percent. 
CPTC Ventilation Rate Effects. In order to determine whether 
or not CPTC Ventilation rates affect the smoke particulate size 
characteristics measured for non-flaming PVC tests, Ventilation rates 
were varied below and above the vent rate indicated in Table k. 
As mentioned previously, such vent rate changes may affect the cooling 
rate and concentration time history of the combustion products 
generated during a test, and thus alter the nucleation, growth and 
agglomeration processes which determine particle sizes. Figure k-9 
compares integrated smoke particulate weight distributions at three 
CPTC Ventilation rates in air. It shows fluctuations in particle 
size characteristics with the most noticeable difference indicated 
at the lowest CPTC Ventilation rate. That is, measured particle 
sizes are somewhat larger at the CPTC vent rate of 10 CFM, as compared 
to vent rates of 15 CFM and 20 CFM. Figures 50 and 51 give time 
resolved particle volume distributions for tests at CPTC Ventilation 





















Figure k*J. Comparison of Sample Weight Loss Rate with 
Particulate Concentration for PVC - At 3.2 
W/cm2 in 80$ N2, 10$ 02, 10$ C02 
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They show that particle sizes vary during the test, where the indicated 
trends are consistent with integrated particle weight distribution data. 
Discussion of FVC Results 
The thermal degradation of polyvinyl Chloride has been the 
object of many investigations in which the mechanisms of degradation 
have been studied. In particular, interest has revolved around the 
thermal behavior of FVC exposed to temperature extremes experienced 
during normal use, 
(5U) 
and its tendency to produce toxic gases under 
the extreme conditions imposed by building fires. However, in-
depth studies of FVC degradation have generally been limited to the 
decomposition region of FVC below 300°C, where most data concerns 
dehydrochlorination mechanisms, and not the production of liquid and 
solid products of decomposition. Wevertheless, there are relevant 
data available which aid in the Interpretation of the results presented 
here. Additionally, these results provide new Information which is 
important in evaluating the smoke hazards from smoldering FVC. 
The sequence of reactions which eventually produce the compli-
cated smoke particulates generated in the Combustion Products Test 
Chamber is initiated by the elimination of hydrochloric acid from 
the polymer chain. There have been a number of proposed theories 
describing dehydrochlorination and the following explanation is the 
one most widely accepted at this time.^ >' '^'' Given the following 
polymer chain: 
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Cl H Cl H Cl H Cl H 
I I I I I I I I 
-c-c-c-c-c—c-c-c-
I I I I I I I I 
H H H H H H H H 
a hydrogen Chloride molecule is evolved by any of a number of "initiating" 
mechanisms, and then succeeding HCl molecules are eliminated down the 
chain in a "zipper-like" process. There is no concensus as to the location 
of initiation points in the chain, although the likely possibilities 
include structural irregularities, chain end groups, irregularities 
within the chain, and extraneous impurities.^ ' 
The actual process by which the HCl molecules are lost down 
the chain is open to question. Winkler^' ' and Stromberg^ have 
proposed radical chain mechanisms, and Winkler's mechanism will be 
briefly reviewed for illustrative purposes. The first step involves 
an attack on a methylene hydrogen preferentially: 
Cl H Cl H Cl H Cl H 
I I I I I I I I 
R+ - C - C - C - C - C - C - C - C -
I I I I I I I I 
H H H H H H H H 
Cl H Cl H Cl H Cl II 
I I I I I I I I 
-** RH + -C-C-C-C-C-C-C-C-
1 * 1 1 ) 1 1 1 
H H H H H H H 
This PVC macroradical then stabilizes itself by rearrangement and 
the elimination of a free chlorine atom as follows: 
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C 1 H Cl H Cl H C l H 
I I I I I I I I 
-c-c-c—c-c—c-c-c— 
I • I I I I I I 
H H H H H H H 
Cl H H Cl H Cl H 
II I I I I I 
CL + - C - C = C - C - C - C - C - C -
I M I N I 
H H H H H H H 
The free chlorine atom then abstracts the neighboring methylenic 
hydrogen atom to give 
Cl H Cl H Cl H 
II . 1111 
HCl + -C-C=C-C-C-C-C-C — 
I I I I I I I 
H H H H H H H 
Again, the macroradical stabilizes itself: 
Cl H Cl H Cl H 
II . 1111 
—c-c=c-c—c-c-c—c-
I I I I I I I 
H H H H H H H 
Cl H H Cl H 
Cl- + — C—C=C-C=*C-C-C—C-
I I I I I I I 
H H H H. H H H 
This process thus continues to develop the long chain polyene system, 
until terraination takes place. Termination could then be brought 
about, for example, by the reaction of one of the radical species 
involved in the process with any other specie that may be present in 
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the degrading PVC. 
The products other than HCl that have been identified during 
the thermal' degradation of PVC provide evidence that the above-mentioned 
polyene System is unstable at high temperatures. Consequently, 
rearrangement and product elimination takes place to produce a more 
stable structure. W J ? " ^ por example, benzene, toluene, xylenes and 
naphthalene have been identified frequently in the volatile products 
of pyrolyzing PVC.^ This would indicate a tendency by the 
polyene system to form the stable six-membered rings found in cyclic 
and polycyclic aromatic hydrocarbons.\^^y) Furthermore, initial 
chemical analyses of smoke particulates generated in the tests 
described here, have found further evidence of aromatization of the 
polyene system in the Identification of phenanthrene.^ ' 
In addition to the smoke particulates generated from the poly-
vinyl Chloride polymer itself, it is likely that chemical additives 
also contribute to smoke produced by smoldering PVC. Specifically, 
the previously mentioned chemical analysis of smoke particulates 
generated by burning PVC in the CPTC, has identified dioctyl pthalate 
as another constituent of the total particulate fraction of the 
combustion products. Dioctyl pthalate is a commonly used plasticizer 
used in PVC plastics, and its clear oily appearance may account for 
some of the liquid constituents found in sampled PVC smoke particulates. 
The above-discussed mechanisms for the thermal degradation of 
PVC provide interesting hypotheses relating to the formation of 
pyrolysis products, although a number of questions remain unanswered. 
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Most importantly, there appears to be little available data on the 
degradation of PVC, kinetic or otherwise, beyond the initial dehydro-
chlorination process. For example, the generation of the aromatic 
hydrocarbons "which have been identified in the volatile and parti-
culate products of PVC degradation has not yet been characterized in 
detail. Furthermore, it is not clear whether such reactions occur 
in the solid phase or gas phase in the pyrolysis zone, or as the 
products move away from the pyrolysis zone. With such Information, 
the nucleation and growth processes of the particles could be analyzed 
in more detail. 
The dependence of particle sizes on radiant heating rate is 
the most important aspect of the particle size measurements presented 
earlier; especially the increases shown between heating rates of 
3.2 W/cirr and 6.2 W/cm . Time resolved particle volume distributions 
show clearly that the larger particles are generated during periods 
of highest particulate mass concentrations. Apparently, the non-
flaming PVC smoke behaves in a manner typical of all three materials 
tested in this program, whereby higher particulate mass concentrations 
seem to contribute to the growth of particles. Furthermore, particle 
sizes appear to be established generally prior to dilution by Venti-
lation gases, since Variation in CPTC vent rates have relatively 
little effect on particles, except at the lowest CPTC vent rate. At 
the vent rate of 10 CFM, further agglomeration apparently occurs in 
transit from sample to Sampling Section. In conclusion, the higher 
heating rates contribute to higher particulate mass concentrations, 
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which in turn augment the nucleation, growth and agglomeration of 
particles, probably in a region near the pyrolysis zone; and thus 
sizes are then determined before particles are substantially diluted 
by the Chamber Ventilation gases. 
Particle size variations evident during tests at the higher 
heating rates can be explained by the development of a char layer as 
tests proceed. In fact, as the char layer forms, volatile products 
within the sample expand, and a considerable "bulge" develops at the 
tested sample face. This creates a bubble of char structure which 
may expand up to one inch in front of the original sample face. As 
this char layer develops, it tends to insulate interior portions of 
the sample from the radiant heat and thus the mass loss rate decreases 
as less heat reaches the pyrolysis zone. The resultant decrease in 
condensable species is then indicated by lower particulate mass 
concentrations and smaller particle sizes later in the test. 
Variations in oxygen concentrations have been found to have a 
significant affect on the dehydrochlorination of PVC. ̂ ^J-^J? (03) 
Measured reaction rates have shown that dehydrochlorination proceeds 
in proportion to the 0.5 power of oxygen concentration.^ ' However, 
there is other evidence to indicate that the formation of products 
other than HCl is basically thermal in nature, and not generally 
affected by oxygen concentrations. W,59J Variations in atmospheric 
compositions in these tests of smoldering PVC indicate some possible 
changes in particle sizes due to oxygen depletion. Although there 
is no clear explanation for this behavior at this time, it does 
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appear that the combined effect of many reactions other than dehydro-
chlorination probably tends to minimize the effects of variations in 
oxygen concentration on smoke generated by smoldering PVC. Also, 
observed changes attributed to variations in atmospheric composition 
are not appreciable, considering the problems associated with PVC 
smoke measurements mentioned earlier in this chapter and in Appendix 
C. 
Maximum particulate mass concentrations measured for smoldering 
PVC were heavily dependent on radiant heating rate, especially for 
the increase between 3-2 W/cm and 6,2 W/cm . This can be attributed 
to the higher temperatures created at higher heating rates, as 
previously discussed for similar results obtained for wood and urethane. 
Also, this particulate mass concentration Information provides 
additional evidence that smoke particulates are produced in direct 
relation to the mass loss rate of the burning material for the ränge 
of test conditions used here. The double peaks observed in Figure 
kj are probably due to irregularities in char formation observed in 
tests at 3.2 W/cm . During a test the char "bulge" appeared to grow 
in two distinct stages characterized by an initial growth (up to l/V) 
earlier during a run, followed by further expansion (up to 3/V') 
later during the run. Variations in atmospheric compositions produced 
no definitive changes in particulate mass concentration behavior or 
sample weight loss rates. This seems to confirm the earlier finding 
that the dehydroclorination reaction (/which depends heavily on oxygen 
concentration) is probably not the Controlling factor in the overall 
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reaction kinetics of PVC smoke generation, as studied here. 
Since particle size characteristics for non-flaming PVC smoke 
are similar to those measured for wood and urethane under the same 
conditions; then, previous remarks relating to the importance of these 
results in establishing physiological and toxicological smoke hazards 
are still quite valid. That is, substantial quantities of the smoke 
particles generated under the conditions studied here can be retained in 
the human respiratory System. The toxicity of these particulates, 
and any possible synergistic effects with inhaled gaseous combustion 
products then become of utmost importance. Furthermore, the rates 
of production of these particulates vary considerably, suggesting 
that smoke tests of PVC materials should include several radiant 
heating rates for adequate determination of the smoking hazards of 
such materials. This fact is also consistent with the results 
obtained from wood and urethane tests under non-flaming conditions. 
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CHAPTER IV 
FLAMING TESTS - RESULTS AND DISCUSSION 
This chapter continues the presentation of results and related 
discussion of smoke tests run in the Combustion Products Test Chamber. 
Here, data from the flaming tests indicated in Table 1 will be presented 
in the same manner as the results of non-flaming tests in Chapter III. 
Each of the three materials was tested in the atmospheric compositions 
shown in Table 1, and the Standard sample thicknesses were again l/k 
inch for wood, 3/8 inch for urethane and l/8 inch for PVC. For the 
case of flaming combustion, the samples are continuously irradiated 
at 2.5 W/cm radiant flux, and the flammable products of thermal 
degradation are ignited by a propane pilot burner. The particles 
generated in this manner have previously been found to consist primarily 
(10 22^ of carbon particles or soot;v ' ' which is in contrast to the 
characteristics of smoke particulates generated during smoldering 
combustion (see Chapter III). As•in non-flaming tests, measurements 
of smoke particle size distributions, smoke particulate mass con-
centrations and sample weight loss have been made in all flaming tests. 
Douglas Fir 
Douglas Fir Results 
Figures 52, 53 and 5̂- give particle size characteristics for 
flaming tests of wood in air. Particle sizes for most flaming tests 
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were generally within the ränge of the Electrical Aerosol Analyzer; 
i.e., less than one micron. This fact, in addition to the decreased 
particulate raass concentrations (to be discussed later), precluded 
accurate measurements using the Andersen Sampler due to insufficient 
particulate deposition on the impaction plates. The time resolved 
data shown in Figures 52, 53 and 5^ show relatively little Variation 
in particle sizes as tests proceed. These data also allow comparison 
of Ventilation rate effects, where CPTC vent rates were first decreased 
and then increased over the Standard vent rate of 15 CFM. It should 
be noted that at the lowest Ventilation rate, the sample flame was 
extremely erratic and unstable in comparison to the relatively stable, 
sustained flaming conditions observed at 15 CFM and 20 CFM. 
The above-mentioned data shows consistently smaller particle 
sizes for wood smoke generated under flaming conditions than for wood 
smoke generated under non-flaming conditions. Furthermore, particle 
size characteristics remain relatively stable throughout flaming tests 
in air at all three Ventilation rates tested. The appearance of the 
particulates collected on the absolute filter and impaction plates 
is that of soot particles mixed with a small amount of a tarry liquid. 
Thus, the particulates from flaming combustion are composed of solid 
and liquid fractions. Finally, the unstable flame observed at the 
lowest CPTC Ventilation rate indicates a potential sensitivity to 
oxygen concentrations near the surface of the burning sample. 
Figure 55 presents particulate mass concentration and sample 
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definite peaks during the test. However, it is Interesting to note 
that after the initial peak, sample weight loss- rate generally 
decreases, while particulate mass concentration generally increases. 
The maximum particulate mass concentration for these conditions is 
2 
somewhat greater than maximum concentrations measured at 3.2 W/cm 
under non-flaming conditions, and considerably less than maximum 
concentrations measured at 6.2 W/cm under non-flaming conditions. 
Tests of wood in atmospheres with depleted oxygen concentrations, 
and using the propane pilot burner, were unsuccessful in regard to 
sustained flaming of the wood sample. In all tests where oxygen con-
centrations were below 20 percent, the pilot burner could not maintain 
flaming conditons at the sample surface. Consequently, smoke produced 
during these tests was due entirely to pyrolysis of the sample, heated 
by the propane burner and the radiant heat source at 2.5 W/cm . 
Typical particulate size and concentration data for such a test are 
given in Figures 56 and 57> for an atmospheric composition of 80 
percent Np, 5 percent O^, 10 percent CO2, 5 percent CO. Here, 
particle sizes are approximately equal to particle sizes measured 
at the lowest heating rate, i.e., 3.2 W/cm , for wood tested under 
non-flaming conditions. Measured particulate mass concentrations 
are somewhat higher than those measured at 3.2 W/cm under non-flaming 
conditions; although they are lower than concentrations measured at 
6.2 w/cirr under non-flaming conditions. 
Discuasion of Douglas Fir Results 
The flaming combustion of wood or any other polymeric-type 
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material has been the subject of extensive experimental and theoretical 
studies, especially in regard to ignition, flame propagation and flame 
suppression. Polymer and wood flames have generally been characterized 
as diffusion flames. Heat from the reaction zone is conducted back 
to the material surface where depolymerization and volatilization of 
the material provides the fuel that sustains the flaming reaction.^ ' 
Although other researchers have recently argued that some polymer 
flames may be more "pre-mixed" in nature due to diffusion of unreacted 
oxygen,^ ' the fact remains that fuel is generated by a series of 
thermal and/or oxidative degradation reactions; and is subsequently 
reacted exothermically in a flame. 
The particulate products then generated under flaming conditions 
can be from two sources. First, those condensable products which are 
generated by the degradation of the polymer may escape reaction in the 
flame, and thus produce particulates of the same nature as generated 
under strictly non-flaming conditions. However, the dominant portion 
of solid products from flaming conditions is found to be a black, 
sooty deposit, and so the following discussion will deal with the 
generation of soot. The characteristics of unreacted (in a flame) 
condensable solids and liquids have been reviewed in the discussion 
of the non-flaming results. 
The formation of carbon in flames has been studied extensively, 
although generally for simplified and •well-controlled experimental 
conditions using shnple gaseous or liquid fuels. A good review of 
carbon formation in gases is given by Palmer and Cullis.^ ̂  An 
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important aspect of such work to date is the fact that the properties 
of carbon formed in flames have been found to be relatively independent 
of the type of flame, the nature of the fuel, and other conditions 
such as pressure and atmospheric composition.^ ^' On the other hand. 
the tendency to form soot has been found to be quite dependent on 
those conditions.^ ^^ The soot produced in flames most often consists 
of several spherical particles strung together in necklace-like 
fashion, ' ' where the small spheres are most frequently between 
o 
100 and 500 A. The appearance of these chain-like particles, as 
viewed by electron microscope, has been confirmed by in situ optical 
techniques.V°5 J 
There are several hypotheses concerning the formation of soot 
particles in flames.^ ̂ ' However, it is likely that at least two 
processes are dominant in the formation of the final soot particles.^^' 
First, the nucleation and growth of the smaller spherical particles 
must be accounted for; and then the formation of the chain-like 
particles must be described. The mechanism of nucleation and growth 
of the smallest particles alone is widely debated although one theory 
^ -'s is frequently mentioned. This theory argues that polyunsaturated 
species in the combustion gases are responsible for nucleation and 
subsequent growth of the spherical particles. The growth process 
proceeds by an over-all heterogeneous reaction and/or decomposition 
of these species to elemental carbon on the hot particle surface, 
in addition to some coagulation.^ ^' ' ' The former may also 
account for the appearance of heavier hydrocarbons usually found 
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mixed in with combustion generated soot.^ J5 ; However, experimental 
difficulties in closing an Information gap between nucleation and 
rapid initial growth of the smaller spheres have prevented complete 
verification of this, or any other such theory.(00,07) Finally, 
the formation of the chain-like Clusters takes place at an increasing 
rate as surface growth slows. Random collisions influenced by more 
pronounced electrostatic interactions have been cited as significant 
in the appearance of the chain-like particles. 
The above-mentioned experimental findings and theories have 
been established for conditions which are, in many respects, quite 
different from the conditions studied in this program; i.e., burning 
Polymerie materials. However, some of this Information should be 
applicable to the results reported here for the physical properties 
of smoke generated during flaming combustion. The characteristic 
particle sizes measured seem to indicate that long chain agglomerates 
are formed in flaming wood tests. Size distribution peaks are normally 
between 1000 and 2000 A (0.1-0.2 micron). According to the literature, 
this is indicative of long chain carbonaeeous formations. Another 
possible explanation for such particle sizes, though, is that smaller 
soot particles could act as nuclei for condensation of unreacted 
tarry produets. Evidence of such a process is indicated in electron 
microscope photographs of flaming wood smoke particles shown in 
Reference 29, where particles are apparently spherical in shape. 
Although the resultant particle size characteristics were 
relatively unaffected by CPTC Ventilation rates, it was found that 
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maintenance of stable flaming conditions at the sample surface was 
very sensitive to vent rate. The fact that particle sizes remained 
the same over several vent rates is not surprising based on previously 
reviewed data which indicate that the physical properties of soot 
formed in flames are relatively independent of atmospheric variables. 
The sensitivity of flame stability to vent rate is certainly due to 
local oxygen concentrations, since similar results were observed in 
atmospheres with depleted oxygen concentrations; i.e., flaming could 
not be maintained in low oxygen concentrations. 
Particulate mass concentration behavior during flaming tests 
has several interesting aspects. The mass concentration duplicates 
the major peaks in weight loss at 2-3 minutes and 10-12 minutes; 
however the trends of the two curves between the peaks are in opposite 
directions. The relative direction of trends indicates that greater 
portions of pyrolysis products are escaping without reacting in the 
flame as the test proceeds. Such a conclusion is based on the fact 
that for the same sample weight loss rate, particulate mass concen-
trations are an order of magnitude higher for non-flaming conditions 
as compared to flaming conditions. This is clearly evident in Figure 
lk, where the mass concentration drops dramatically when ignition 
occurs in that "non-flaming" test. During flaming, much of the tarry 
liquid fraction is converted to gaseous products. 
The importance of these results in terms öf actual fire hazards 
is generally the same as previously discussed for the non-flaming 
results. Since much of the particulate generated during flaming 
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eombustion is simply carbonaceous in nature, it is quite possible 
that the toxicity factor is not as critical as for non-flaming 
conditions. On the other hand, the ability of soot to transport toxic 
gases has been established,^ ' and so this factor must remain a 
concern in terms of toxic effects. Again, the particle sizes measured 
here can be used in theories predicting the relative ability of a 
burning material to obscure visibility in actual fire situations. 
It should also be emphasized that particle sizes measured here are 
substantially smaller than the one micron average diameter which has 





Results of urethane smoke tests conducted under flaming conditions 
are presented in Figures 58 through 65. However, due to the flame 
retardant nature of this foam its flaming behavior should first be 
described. As outlined in Appendix B, a flaming test begins when 
the propane pilot burner is remotely ignited after a warm-up period 
required for the radiant heat source. When the burner ignites in 
urethane tests, a flame covering the entire face of the sample appears 
aljnost instantaneously. This flame then quickly rises above the 
sample and is subsequently extinguished. Normally, this flame front 
travels no more than 2 or 3 inches above the sample holder before 
the CPTC Ventilation gases dilute and thus quench the flame. The 
actual "flaming" during these urethane tests occurs, then, for a 
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period of 30 seconds or less. Sample weight loss data will later 
show that much of the sample mass loss takes place during this period; 
where the sample weight was typically reduced after one minute by 
one-third of the total weight lost for the test. Particulates collected 
during these tests were, for the most part, "sobty" in nature. 
Figures 58 through 62 give particle size data for flaming 
urethane tests run in five different atmospheric compositions. As 
in data taken during flaming wood tests, the particle size distributions 
generally fall within the ränge of the Electrical Aerosol Analyzer; 
i.e., less than one micron. Also, since flaming is confined to the 
first minute of urethane tests, only the first size distribution 
measured at the beginning of the test is indicative of particle sizes 
generäted during flaming combustion. Later measurements are of 
particulates generäted by the pyrolysis of that foam material remaining 
after the initial decomposition period; i.e., after the first minute. 
Notably, there are only slight differences evident between the initial 
measured size distribution and later size distributions for all 
atmospheric compositions considered. Where differences are apparent, 
particle sizes tend to be slightly larger during the period when 
actual flaming occurs. Those particle size characteristics indicated 
during the flaming period of urethane tests are quite similar to those 
measured during flaming wood tests. "Particle size distribution peaks 
are well below 0.5 micron in both cases. Finally, it is clear that 
changes in atmospheric compositions have little effect on the smoke 
particle sizes generäted during flaming urethane tests. 
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The comparison shown in Figure 63 of particulate mass concen-
trations measured during tests of the urethane foam under flaming 
conditions, show qualitatively similar behavior for tests run in 
several atmospheres. The maximum particulate mass concentrations 
seem to fluctuate pver a ränge of values, although all are of the same 
order of magnitude. Figures 6k and 65 give typical weight loss rate 
data for the flaming urethane foam. Comparisons with the corresponding 
particulate mass concentrations are also shown in Figures 6k and 65. 
Maximum particulate mass concentrations are somewhat greater than 
maximum concentrations measured at 6.2 W/cm in non-flaming tests, 
and less than maximum concentrations measured at 9.2 W/cm in non-
flaming tests. 
Discussion of Urethane ffesults 
The type of flame observed for the flame retarded urethane 
foam probably cannot be classified as the diffusion flame described 
in the discussion of the flaming wood results. Apparently, more 
volatile, flammable pyrolysis products build up near the surface of 
the sample during heater warm-up, and then are quickly ignited when 
the pilot burner is ignited. Then almost as quickly, the flame 
retardant additive becomes involved in the reaction kinetics (possibly 
as some type of intermediary) and subsequently the reaction is 
interrupted. The combined effects of flame retardant, insulating 
char layer and depletion of virgin material prevent further adequate 
production and subsequent ignition of flammable pyrolysis products. 
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Figure 64. Comparison of Sample Weight Loss Rate 
With Particulate Concentration for 
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the physical characteristics of smoke produced in flames is relatively 
independent of the type of flame (and the type of fuel), the general 
background provided in the discussion of soot formation from flaming 
wood should apply equally -well here. In fact, the results for flaming 
urethane seem to confirm this fact, because the size characteristics 
measured for flaming urethane smoke seem to be very nearly the same 
as those for wood. Size distribution peaks are near 2000 A (0.2 micron) 
with the greatest volume fraction of particles measured well below 
0.5 micron. Thus, these particles may be composed of long chain-like 
formations of smaller spherieal soot particles or it may be possible 
that smaller soot particles act as nuclei for condensible vapors that 
escape unreacted in the flame. Variations in atmospheric composition 
had little effect on flame behavior and smoke particle size character-
istics for flaming urethane tests. This provides further evidence 
that soot particles formed under a variety of conditions exhibit the 
same or similar particle size characteristics. 
Measured particulate mass concentrations correlate closely with 
the weight loss rate behavior of burning urethane samples, thus 
following trends established under non-flaming conditions. Maximum 
sample weight loss rates were comparable to maximum weight loss rates 
measured at a 9.2 w/cm heating rate in non-flaming tests, while 
maximum mass concentrations in most cases were near maximum mass 
concentration values measured at a heating rate of 6.2 w/cm in non-
flaming tests. Thus, for the same sample weight loss rate, particulate 
mass concentrations are higher for non-flaming conditions as compared 
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to flaming conditions. As pointed out in the discussion of flaming 
wood results, this is due to the reaction of condensable pyrolysis 
products in the flame, which otherwise contributes to the smoke 
particulate fraction under non-flaming conditions. The fact that 
this observed tendency (of flaming samples to generate less parti-
culate mass than non-flaming samples at the same weight loss rate) 
is less prominent for urethane than it is for wood samples may be due 
to the fact that particulate products of urethane pyrolysis are less 
flammable (reactive) than the particulate products from the thermal 
degradation of wood. Comparison of particulate mass concentration 
data from several atmospheres shows the behavior to be virtually the 
same for all atmospheres. Maximum concentrations do vary, although 
there seems to be no clear correlation with changes in atmospheric 
composition. Observed variations in maximum particulate mass concen-
trations might then be due to sample non-uniformities or ambiguities 
from measurement techniques as discussed in Appendix C. The results 
are thus presented to show only the typical qualitative mass concen-
tration behavior in the four atmospheres. 
Comments relevant to the actual fire hazards created by smoke 
generated during flaming combustion have been previously 
presented in the discussion of results from flaming wood tests. 
Therefore, since particle characteristics for flaming urethane smoke 
are similar to the characteristics for wood smoke under the same 
conditions, the discussion regarding the effects of such particulates 
for wood smoke is also applicable to rigid urethane foam. The reader 
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is referred to that section for comments on the possible toxic 
hazards of the particulates observed in flaming combustion, and the 
Potential theoretical applications of these measurements in the area 
of light obscuration. 
Folyvinyl Chloride 
WC Results 
Results obtained for tests of polyvinyl Chloride plastic under 
flaming conditions are presented in Figures 66 through 71• Particle 
size characteristics are shown for all atmospheric compositions tested 
and representative particulate mass concentrations are presented for 
two of those vent gas compositions. Andersen Sarapler data has again 
been omitted due to uncertainties caused by small particle sizes and 
low mass concentrations. The behavior of the FVC sample during a 
test was similar in some respects to the behavior of samples during 
non-flaming tests. Specifically, as the temperature of the sample 
increased, the face of the sample tended to bulge out as described 
previously in the discussion of non-flaming results. Flaming was 
generally erratic over the face of the sample, especially after the 
"bulge" had appeared. Furthermore, flame behavior was extremely 
erratic in two of the atmospheric compositions; i.e., 80 percent Np, 
5 percent CU, 10 percent C02, 5 percent CO and 85 percent He, 15 per-
cent 02- This can be attributed to the effects of low oxygen con-
centrations and interference with the propane pilot flame by the 
expanded sample face. The sample bulge affected the Operation of 
the pilot flame in most circumstances; however the flaming of the 
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sample itself was severely affected only in the two atroospheres 
mentioned above. 
The particle size charaeteristics shown in Figures 66 through 
70 are typical of results previously obtained for smoke produced under 
flaming conditions by other raaterials. Slight Variation in particle 
sizes is evident during some tests, however this appears to be 
insignificant. Most of the volume fräction of particles is well below 
0.5 micron in diameter, although it seems that these sizes are slightly 
larger than those measured for wood and urethane under flaming conditions. 
Variations in atmospheric compositions had no visible effect on particle 
sizes, in spite of the fact that flaming conditions were adversely 
affected in two atmospheres. In the atmosphere of 80 percent Ng, 5 
percent C^j 10 percent CO^, 5 percent CO, the FVC sample burned only 
for the first two minutes of the test. During the test in helium, 
the sample flickered infrequently over a two minute period before 
the test was terminated. 
Typical particulate mass concentration data are shown in 
Figure 71 for two of the atmospheric compositions. Here, the overall 
order of magnitudes are comparable, although the curves do show 
different behavior. This is probably due to nonuniform development 
of the char structure for these flaming FVC tests. As pointed out 
earlier, the formation of the char adversely affected flaming con-
ditions, which would then cause irregulär particulate mass concen-
tration behavior. 
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Discussion of PVC Results 
The flaming conditions observed during the tests of PVC using 
the pilot igniter are typical of the polymer flame characteristics 
reviewed earlier for wood. However, the greater degree of char 
formation observed for PVC appears to have adversely affected flame 
stability. That is, as the char layer forms, heating of interior 
regions of the sample is inhibited; and the flow of flammable 
degradation products is slowed. Fuel to the diffusion-type flame is 
thus restricted and unstable burning conditions are the end result. 
Nevertheless, it has become clear from previous discussions 
of wood and urethane results that the physical properties of smoke 
particles generated during flaming tests are relatively insensitive 
to the type of flaming conditions observed during tests. Measurements 
of flaming PVC smoke are consistent with this conclusion, although 
particle sizes are slightly larger than for flaming wood and urethane. 
This may be due in part to the fact that the thermal degradation of 
PVC generates a number of aromatic hydrocarbons which are particularly 
(Co \ 
noted for soot production. This could then lead to more extensive 
agglomeration of soot particles resulting in somewhat larger measured 
particle sizes for flaming PVC smoke. Otherwise, the atmospheric 
composition and observed flame behavior have little affect on particle 
sizes. Therefore, consideration of known Information relating to 
smoke formation in flames leads to the same type of mechanisms 
previously discussed for flaming wood and urethane. Specifically, 
surface growth of smaller soot particles is probably followed by 
1̂ 0 
agglomeration to large chain-like particles of 3000 Ä diameter or 
greater. In addition, the smaller particles can act as nuclei for 
the condensation of unreacted condensable degradation products to 
o . 
produce particles greater than 1000 A (0.1 micron) in diameter. 
Particulate mass concentration data for flaming PVC tests in 
two atraospheres show differences in mass concentration behavior between 
the two atmospheres. However, this is probably due more to the 
peculiar behavior of the developing char structure, than to actual 
effects of atmospheric compositions. Differences in maximum parti-
culate concentrations are not significant in view of the uncertainties 
of Mass Monitor measurements discussed in Appendix C. 
Measurements of the physical properties of smoke produced from 
burning PVC under flaming conditions have shown the same trends and 
nearly the same numerical magnitudes as those measurements for flaming 
wood and urethane. Thus, discussions relevant to toxicity and light 
obscuration previously given will not be repeated here. The reader 
is referred to the discussion of flaming wood results in particular. 
However, it should be emphasized that the results obtained by Stone^ ' 
were specifically obtained for PVC. There he found that soot produced 
from flaming PVC can transport HCl on the surface of the particles. 
Therefore, this is definitely a concern from a toxicological point 
of view in flaming PVC tests, since it has been shown that HCl can 
be transported deeper into the respiratory system via particles than 




REVIEW AND CONCLUSIONS 
In the preceding pages, a systematic investigation into the 
physical characteristics of smoke particulates generated by burning 
polymers has been described. Recently developed test methods provide 
important new Information with both practical and theoretical appli-
cations. In summary, the following results and conclusions from this 
research are emphasized. 
1. Small-scale test methods have been successfully developed 
and utilized in a new Combustion Products Test Chamber (CPTC) for 
the determination of the physical characteristics of smoke particulates 
Tests of raaterials have been carried out under different environmental 
conditions, especially selected for their relevance to actual fire 
situations in buildings. Thus, Information on the smoking properties 
of materials may be obtained for conditions not previously considered 
in other such test programs. The flow-through characteristics of the 
CPTC allow for accurate control of atmospheric composition and provide 
uniform conditions for sample combustion. Also, the dilution of 
smoke by vent gases tends to preserve the characteristics of the 
aerosol once the smoke has left the immediate vicinity of the sample. 
Finally, the Aerosol Sampling System developed in conjunction with 
these test methods has proven to be a reliable means for making 
particle size and concentration measurements for smoke generated by 
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materials under flaming and non-flaming conditions. Uncertainties 
due to the l/k inch sampling probe dilution requirements, however, 
reduce the quantitative value of the particulate mass concentration 
data. 
2. Important new Information on the particle size characteristics 
of smoke particulates generated by burning three commonly used building 
materials has been provided. Such Information has been shown to be 
important in the analysis of smoke hazards, especially in the areas 
of toxicology and loss of visibility. Thus, the dangers from the 
inhalation of smoke particulates and the relative ability of smokes 
to obscure visibility might then be more adequately determined given 
the new results provided here. 
3. The effects of changes in atmospheric composition on the 
smoke particulate characteristics measured during the burning of wood, 
rigid urethane and PVC have been found to be relatively minor. Wo 
trends in particle size behavior are evident with variations in oxygen 
concentration for tests of all three materials under flaming conditions. 
Measured particle sizes from non-flaming tests of wood samples also 
showed definite insensitivity to changes in atmospheric composition. 
Non-flaming tests of urethane and FVC exhibited some changes in 
particle size characteristics for different Ventilation gas mixtures; 
however these variations are not large and they cannot be definitely 
correlated with atmospheric composition at this time. Particulate 
mass concentrations also gave no clear evidence of dependence on 
Ventilation gas compositions within the accuracy of these measurements. 
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Thus, these results indicate that particulate generation from smoldering 
materials is quite probably thermal in nature, with no significant 
secondary chemical reactions (with atmospheric constituents) influencing 
measured mass concentrations and particle sizes. The fact that the 
physical characteristics of particulates formed during flaming com-
bustion are relatively independent of atmospheric composition is 
consistent with previous studies of soot formation in flames. 
h. Qualitative and quantitative differences in smoke parti-
culate characteristics have been observed between non-flaming and 
flaming combustion of all three materials studied. At comparable 
sample weight loss rates, smoke particles tend to be smaller and 
particulate mass concentrations lower during flaming combustion. 
Furthermore, the physical appearance of particulates generated under 
flaming and non-flaming conditions are considerably different. 
Observation of particles collected on impaction plates shows a com-
plex mixture of liquid and/or solid organic materials from non-
flaming combustion, and a sooty carbonaceous deposit mixed with 
other liquids and/or solids from flaming combustion. Differences 
in particulate mass concentrations are due to the reaction of other-
wise condensable solids and liquids in the flame, where non-condensable 
(at room temperature) gases and soot are dominant products. For the 
same sample weight loss, the concentration of condensable species is 
thus reduced considerably by the flame and lower mass concentrations 
are the result when compared to non-flaming conditions. Also, soot 
generation in flaming combustion clearly does not compensate for the 
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decrease in particulate mass concentrations due to the reduction in 
condensable pyrolysis products. Finally, particle sizes observed 
during flaming combustion indicate the presence of large chain-like 
sooty agglomerates, whereas particles formed during non-flaming com-
bustion are either liquid droplets or fragments of polymeric materials. 
5. In the case of smoldering or non-flaming combustion both 
particle sizes and particulate mass concentrations were found to 
depend on the radiant heat flux received at the face of the sample. 
This was generally the case for all three materials and all atmospheric 
compositions. Increases in particle sizes and maximum particulate mass 
concentration levels were most pronounced when radiant heating increased 
from 3.2 W/cm to 6.2 W/cm . For these conditions particle volume 
distribution peaks increased from below 0.5 micron to near ohe micron 
for all three materials. At 9*2 W/cm radiant flux particle sizes 
were not significantly different from those measured at 6.2 W/cm . 
Upon increase in radiant flux from 3-2 W/cmr to 6.2 W/cm , maximum 
particulate mass concentrations increased by an order of magnitude 
for the three materials tested. However, no definite trends were 
established for particulate mass concentration levels when the heating 
rate was further increased to 9.2 W/cm^. Time-resolved particle 
volume distribution data show that particle sizes vary with parti-
culate mass concentration levels; e.g., particles are largest when 
mass concentrations are greatest. Furthermore, particulate mass 
concentrations are closely related to the rate at which the sample 
loses mass during the test. These results are found to be especially 
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significant in view of Standard materials smoke test methods which 
utilize relatively low radiant heating rates. In order.to obtain 
meaningful results in the determination of relative smoke hazards, 
materials should be tested under conditions more closely related to 
actual fire situations. 
6. Comparison of particle size results from each of the three 
materials shows that not only do the same trends hold for Douglas fir, 
urethane and FVC, but also measured quantitative values compare 
favorably for the same test conditions. Smoke particle sizes measured 
for each of the three materials under non-flaming conditions at 6.2 
W/cm are presented in Figure 72. There are clearly some differences 
in the results; e.g., urethane particles generated at 6.2 W/cm in 
non-flaming tests are somewhat larger than those produced in the same 
manner by wood and FVC. Also, the characteristic size distribution 
curves are not necessarily similar in shape for the three materials. 
However, the relative agreement of quantitative values among materials 
is an interesting aspect of these results. 
7. The measurements of particulate characteristics made in 
this program do not provide the Information necessary for a detailed 
analysis of the fundamental mechanisms involved in particulate 
generation by burning materials. However, these data do provide 
Information from which some conclusions may be drawn. For example, 
in the case of non-flaming combustion, it is not clear whether the 
chemical formation of condensible liquids and/or solids takes place 
in the solid phase (of the pyrolysis zone) or in the gas phase as the 
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products leave the pyrolysis zone. Yet, it is likely that once 
the chemical coraposition of the products is established, the major 
portion of particulate coagulation and/or condensation takes place 
in the near vicinity of the pyrolysis zone as discussed earlier (non-
flaming results). Particle formation and growth would then be 
enhanced by increased concentrations of condensable species in a 
small region near the pyrolysis zone. This accounts for the fact 
that larger particle sizes are observed when sample mass loss rates 
and particulate mass concentrations are highest. 
Measurements of particle sizes also provide some Information 
on the formation of soot particles generated during flaming combustion. 
That is, a substantial volume fraction of particles greater than 0.1 
micron in diameter indicates the existence of large, chain-like sooty 
agglomerates, since previous studies have found particles of this 
size to be composed of a collection of smaller, spherical soot particles 
to form such larger agglomerates. This conclusion has been confirmed 
by subsequently taken scanning electron microscope photographs. 
As previously mentioned, only a limited number of theories 
have been developed for modelling the generation of smoke from burning 
materials. The one developed by Seader and Chien^ '' for predicting 
the optical density of smokes generated in the KBS test Chamber 
indicates a need for the measurements made in this program. However, 
in order to model smoke production on a more fundamental level, 
additional Information beyond that presented here will be required. 
Specifically, further efforts in the analysis of smoke particulates 
ikQ 
should be directed toward detailed measurements in the near vicinity 
of a burning sample, and if possible, measurements should be made 
within a burning sample. Such Information might then be effectively 




This appendix covers the operational aspects of several com-
ponents of the Combustion Products Test Chamber and the Aerosol 
Sampling System. This includes calibration and Operation of the 
radiant heat source, Implementation of aerosol sampling procedures, 
and determination of CPTC gas Ventilation rates. 
Heater Calibration and Operation 
In order to provide the required radiative heating levels, 
the heat source shown in Figure 3 was calibrated for variations in 
distance from the face of the heater, and voltage input across the 
four quartz lamps. Measurements of radiant heating levels were taken 
with a 5/8 inch diameter, water-cooled radiometer (Ry-Cal # R-2059-
AX-15-072), where the energy emitted by the lamps is controlled by 
the a.c. voltage supplied to the lamps. The voltage level is then 
controlled by a variable transformer. 
For calibration, the face of the heater was divided into 20 
one inch Squares, making a 5 inch by k inch imaginary grid. The 
radiant energy flux was then measured for each grid section at several 
voltages between zero and 100 volts and at distances (perpendicular 
from the face) from l/2 inch to 2 l/2 inches. The average heat flux 
was then calculated over a 3 inch by 3 inch square in the center of the 
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heater, corresponding to the area exposed to test samples. Figures 
73 and 7^ show typical calibration curves for the average energy flux 
received at the sample face versus distance and voltage, as determined 
by radiometer measurements. Variations in heat flux from the average 
over the sample face were found to be less than ten percent. 
In actual tests, the incident radiant flux at the face of each 
sample was adjusted by varying the distance between sample and heater, 
and also varying the voltage input according to the calibration 
o 
curves. For example, in tests run at 6.2 W/cm radiant flux, the 
heater was positioned 1 l/2 inches from the sample and the voltage 
level set at Qk volts. Finally, it was found that at least one minute 
of Operation was required for the heater to reach steady-state Operation. 
Consequently, for all non-flaming tests (where higher heating rates 
were used), a cover was positioned over the sample to allow for heater 
warm-up prior to the actual start of each test. The cover could then 
be removed once the heater reached steady-state Operation and the 
necessary radiant flux. 
Aerosol Sampling Methods 
The primary concern in the development of aerosol sampling 
methods is the preservation of particle size distribution and parti-
culate concentration as the aerosol is withdrawn for analysis (see 
Figure 5). Variables which affect the results of sampling include 
isokineticity, gas temperature and sampling system geometry.(""' 
Therefore, in order to maintain confidence in the measurements made 
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above-mentioned parameters should be considered in relation to the 
operational characteristics of that System. 
A description of important parameters for both sampling probes 
is given in Table 3« ^n "the case of the l/2 inch probe, the aerosol 
passes through two 90° bends and one 120° bend before reaching the 
Andersen Sampler. For the l/k inch probe, the aerosol passes through 
four 90° bends prior to being split and directed to the Electrical 
Analyzer and Mass Monitor inlets. Dilution of the l/k inch probe 
takes place at the second 90° bend as diagrammed in Figure 75» Also 
shown in Figure 75 is a diagram of the flow splitter used for directing 
the separate flows to the Electrical Analyzer and Mass Monitor. The 
l/8 inch sampling tube supplying the Mass Monitor operates at near 
isokinetic conditions relative to flow in the l/k inch primary supply 
tube. Finally, all tubing utilized in the Aerosol Sampling System 
is stainless-steel and is maintained at room temperature. 
Subject to the above-mentioned sampling methods developed 
during the initial stages of the test program, the following comments 
relevant to factors affecting sampling data accuracy are now in order: 
1. Isokineticity - In general, deviations from isokinetic 
sampling may be expected to give measured differences in particle 
concentrations from the actual concentrations existing in the 
Suspension. ̂  •*' This is primarily due to the inability of particles 
to follow streamlines in the vicinity of the sampling probe because 
of particle inertia effects. Isokinetic sampling conditions are met 
when the sampling orifice velocity equals the flow or wind velocity. 
15^ 
Table 3- Aerosol Sampllng System Characteristics 
l/k Ineh Probe 1/2 Inch Probe 
Total Length 6k Inehes kO Ine lies 
Total Flow Rate 5 LPM 28.3 LPM 
Dilution Ratio Approx. 6/l None 
Approximate Flow 
Velocity 370 errt/see^ 530 cm/sec 
Anisokineticity 
0.6U 6.1 
\ A P V 
h (3) 
2 d (1) Approx. 0.05 Approx. 0.0^ 
[lÖvDc_ 
(1) After Introduction of 1/V' probe dilution gas. 
(2) VQ = Stack velocity based on OPTC Ventilation rate of 15 OFM. 
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Notably, however, there is evidence to indicate that the sampling 
of particles below a certain size ränge is not prejudiced by inertial 
effects. ^' For particles below 10 microns in size, Sehmel^ ' 
found that the particulate concentrations measured were virtually 
the same as the actual concentrations, under sampling conditions 
similar to those of the l/k inch probe used here. Also, the appli-
cation of a semi-empirical equation^ ' ' for the ratio of concentration 
measured to actual concentration, yields a value of approximately 
unity; where the formula is valid for sampling conditions character-
istic of the l/2 inch probe. In the latter case, this result is also 
good for particles less than 10 microns in diameter. Finally, it 
was determined in the initial stages of this program that measured 
particle sizes were to be generally near one micron in diameter, 
and that virtually no particles were greater than 10 microns. There-
fore, upon consideration of the above-mentioned data it was concluded 
that isokinetic sampling is not necessary for the measurements of 
interest in this study. 
2. Gas Temperature - Discussion of the effects of gas temper-
ature on aerosol sampling results, here alludes to the possibility 
of condensation in the sampling lines prior to particle measurements. 
The large quantity of products produced during combustion, with their 
varying volatilities, presents a problem with respect to condensation 
if they are allowed to cool when sampled from the main flow. 
Obviously, this would cause measured particle concentrations to be 
higher than those concentrations which actually exist in the smoke. 
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However, due to the relatively high Chamber Ventilation rates used 
during tests, the temperature of the smoke at the level of the sampling 
section is generally near or slightly above room temperature. There-
fore, since smoke is sampled from the exhaust stack essentially at 
room temperature, condensation should be negligible in the aerosol 
sampling lines which are maintained at room temperature. 
3. Sampling System Geometry - A number of sharp bends of 90° 
or greater are found in each of the sampling probe lines. Such bends 
can be the cause of sampling errors due to particle impaction, under 
certain circumstances. In recognition of this problem, analytical 
Solutions have been developed for particle impaction on the outside 
walls of sweeping bends and on body collectors.'"9J Nevertheless, 
for the non-dimensional particle size parameters given in Table 33 
the curves in Reference (69) show that the losses due to impaction 
are negligible for the sampling conditions used in these tests. 
Associated with the sampling system design is the necessity 
for dilution of the aerosol in the smaller l/h inch sampling line. 
The high sensitivity of both the Electrical Aerosol Analyzer and the 
Mass Monitor require dilution ratios as high as 6/l for maintaining 
particle concentrations within the operational limits of the instru-
ments. Generally, the specific dilution rate utilized for each test 
is dependent on CFTC Ventilation rate, material tested, and burning 
conditions. However, most tests required dilution rates near 6/l, 
with lower dilution rates (no less than 3.5/1) being used in a few 
cases. The dilution tee shown in Figure 75 is designed to introduce 
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the dilution gas as smoothly as possible, in order to prevent coagulation 
due to excessive turbulent mixing. In all cases, room temperature air 
is used for sarapling line dilution. The larger l/2 inch sampling line 
requires no dilution. An indication of typical dilution ratios for 
the l/k inch sampling line is presented in Table k. 
CPTC Ventilation Rates 
Ventilation gas flow rates through the Combustion Products 
Test Chamber were established according to several criteria. First, 
minimum flow rates were required for each test condition in order to 
prevent the "build-up" of smoke within the inner shell. Such con-
ditions would then provide for a uniform atmosphere throughout the 
test and also lessen the probability of particulate deposition on 
the Chamber walls. On the other hand, the rate at which smoke is 
diluted by the Ventilation gases must be limited so that the smoke 
samples collected on the stages of the Andersen Sampler are large 
enough to be accurately weighed. Examples of typical CPTC Ventilation 
rates are given in Table k, for several test conditions. In general, 
15 CFM is the flow rate that is most frequently used, particularly 
in tests where smoke is produced in the greatest quantities. Assuming 
a flow rate of 15 CFM, the estimated time for smoke to reach the 
Sampling Section is approximately 20 seconds. 
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Table k. Typical CPTC Ventilation Rates and 
l/k Inch Sampling Probe Dilution 
Ratios 
Test Conditions CPTC Vent Rate l/h Inch Probe Dilution 
Wood, FL 15 CFM 6/1 
Wood, NF, 3.2 W/cm2 5 CFM 3.5/1 
Wood, NF, 6.2 W/cm2 15 CFM 6/1 
Wood, HF, 9.2 W/cm2 20 CFM 6/1 
Urethane, FL 10 CFM 6/1 
2 
Urethane, NF, 3.2 W/cra 5 CFM 3.5/1 
Urethane, NF, 6.2 W/cm2 5 CFM 5/1 
Urethane, NF, 9.2 W/cm2 10 CFM 5/1 
PVC, FL 15 CFM 6/1 
PVC, NF, 3.2 W/cm2 5 CFM 5/1 
PVC, NF, 6.2 W/cm2 15 CFM 6/1 | 
PVC, NF, 9.2 W/cm2 15 CFM 1 6/1 
FL - Fläming test 




This appendix includes the detailed test procedures used in 
conducting both non-flaming and flaming tests in the Combustion Products 
Test Chamber. 
Step 
1. Sample Preparation 
Test Procedure - Non-Flaming 
Comments 
2. Mount Sample 
3. Cover Sample 
Sample material is normally conditioned 
at 80°F and 75 percent RH. Samples 
are then cut to desired shape and 
thickness. 
Sample is placed in holder and 
mounted on a quartz rod supported 
by a force transducer, in the center 
of the inner shell. The distance 
between sample and heater is 
adjusted at this time. Also, the 
force transducer sensitivity is 
set and checked. 
The sample cover is positioned 
over the sample. 
l6l 
Step 
k. Glose Chamber 
5. Set CPTC Flow Rate(s) 
6. Start Electrical Size 
Analyzer Vadium Pump 
7. Set Selected l/k Inch 
Probe Dilution Gas Flow 
Rate 
8. Activate Electronics in 
the Electrical Size 
Analyzer, Mass Monitor 
and k-T?EN Strip Chart 
Recorder 
9. Set Flow Rates in Electrical 
Size Analyzer 
10. Set Radiant Heater 
(Zero minus 2 minutes) 
Comments 
The perforated plexiglas window to 
the Inner Shell is fastened in place 
and the door to the Outer Shell is 
shut. 
Selected flow rates of the Venti-
lation gases are controlled by 
external needle valves and raonitored 
by float-type flow meters. 
This pump requires a warm-up period 
of 2-3 minutes. 
The selected dilution flow rate is 
controlled via needle valve and 
monitored by float-type flow meter. 
Controls are mounted on the 
instrument. 
For all tests, the incident flux 
at the sample face is controlled 
by the variable transformer. 
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Step Comments 
11. Start Andersen Sampler Pump 
Start Mass Monitor Pump 
Start Electrical Size Analyzer 
Cycle 
Start k-Pen Strip Chart 
Recorder Drive 
Start Sample Cover With-
drawal 
(Zero minus 15 seconds) 
12. Sample Completely Exposed 
(START TEST) 
13. Radiant Heater Off 
Andersen Sampler Pump Off 
Mass Monitor Pump Off 
Strip Chart Recorder Off 
(STOP TEST) 
1̂ -. Electrical Size Analyzer 
Pump Off 
From this point, data is taken 
continuously until the test is 
completed. The length of each test 
is dependent upon the material and 
test conditions. 
Electrical Size Analyzer sampling 
is continued until l/k inch 




All Gas Flows Off 
All Electronics Off 
Coimnents 






Sample material is normally con-
ditioned at 80°F and 75 percent RH. 
Samples are then cut to desired 
shape and thickness. 
Sample is placed in holder and 
mounted on a quartz rod supported 
by a force transducer, in the center 
of the inner shell. The distance 
between sample and heater is adjusted 
at this time. Also, the force 
transducer sensitivity is set and 
checked. 
The perforated plexiglas window to 
the Inner Shell is fastened in 
place and the door to the Outer 
Shell is shut. 
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Step 
Set CPTC Flow Rate(s) 
Comments 
Selected flow rates of the Venti-
lation gases are controlled by 
external needle valves and monitored 
by float-type flow meters. 
This pump requires a warm-up period 
of 2-3 minutes. 
The selected dilution flow rate is 
controlled via needle valve and 
monitored by a float-type flow meter, 
Start Electrical Size 
Analyzer Vacuum Pump 
Set Selected l/k Inch 
Probe Dilution Gas Flow 
Rate 
Activate Electronics in 
the Electrical Size 
Analyzer, Mass Monitor 
and h-Pen Strip Chart 
Recorder. 
Set Flow Rates in Electrical Controls are mounted on the 
10, 
Size Analyzer 
Set CU-Air Supply Flow 
Rate to Propane Burner 
Set Radiant Heater 
(Zero minus 2 minutes) 
instrument. 
The selected flows are controlled 
via needle valves and monitored 
by float-type flow meters. 
For flaming tests, the incident 
flux at the sample face is 2.5 




11. Set Propane Flow Rate to 
Propane Burner 
(Zero minus 30 seconds) 
12. Start Andersen Sampler Pump 
Start Mass Monitor Pump 
Start Electrical Size 
Analyzer Cycle 
Start -̂-Pen Strip Chart 
Recorder Drive 
(Zero minus 15 seconds) 
13. Ignite Burner 
(START TEST) 
1k. (STOP TEST) 
Propane Burner Extinguished 
Radiant Heater Off 
Andersen Sampler Pump Off 
Mass Monitor Pump Off 
Strip Chart Recorder Off 
15. Electrical Size Analyzer 
Pump Off 
Comments 
Propane flow rate is controlled by 
needle valve and monitored by float-
type flow meter. 
From this point, data is taken 
continuously until the test is 
completed. The length of each 
test is dependent upon the material 
and test conditions. 
Electrical Size Analyzer sampling 
is continued until l/k inch 




All Gas Flows Off 




Data reduction procedures utilized for the Andersen Sampler, 
Electrical Aerosol Analyzer and particulate Mass Monitor are outlined 
in this Appendix. Also included are a brief description and the theory 
of Operation for each Instrument. 
Andersen Sampler 
The Andersen Model 21-000 Sampler utilized in this program is 
an eight stage, multi-jet cascade impactor which collects particles in 
aerodynamically graded sizes.(32,72J . £ir is drawn through the Sampler 
at one CFM, producing jets of air from each of the ̂ 00 holes in each 
stage. The jets are in turn directed toward an impaction plate below. 
The hole sizes for each stage are constant, however the sizes decrease 
for each successive stage. Thus, jet velocities increase from one 
stage to the next. When the velocity of a particle becomes great 
enough, inertia will overcorae the aerodynamic forces and the particle 
(̂ 2 72) 
then sticks to the impaction plate below.v ' J Otherwise, particles 
will continue to flow over the collection plate, and down to the next 
stage. Each stage, therefore, collects smaller particles than the 
preceding one. Figure 76 shows a cross-section of the Model 21-000 
Andersen Sampler. 
Aerodynamic diameters for an impaction efficiency of 50 percent 
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Stages 





Figure 76. Andersen Sampler - Cross Section 
169 
in stages of the Model 21-000 (as determined by the manufacturer) are 
as follows: 
Stage 0 - 1 1 microns 
Stage 1 7 microns 
Stage 2 - k.l microns 
Stage 3 - 3.3 microns 
Stage k - 2.1 microns 
Stage 5 - 1.1 microns 
Stage 6 - 0.65 microns 
Stage 7 - 0.1*3 microns 
The "aerodynamic" diameter is defined as the diameter of an equivalent 
sphere of unit density having the same terminal settling velocity as 
(72) 
the particle in question.v • The overall collection efficiency of 
the Model 21-000 is 95 percent or greater for particles larger than 
0.1]-3 micron. 
In order to trap particles less than the smallest particle size 
collected within the Andersen Sampler, a Geljnan Type A glass fiber 
filter was mounted behind the Sampler. This back-up filter is hl mm 
in diameter and has a collection efficiency of greater than 99*9 per-
cent for particles 0.3 micron in diameter. 
The particulates deposited on the collection plates of the 
Sampler and the glass fiber back-up filter were obtained by the 
continuous sampling of smoke generated during tests run in the Combustion 
Products Test Chamber, through the l/2 inch sampling probe. After 
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each test, the collection plates and back-up filter are then removed 
and weighed in order to determine the total raass of particles collected 
within the calibrated size ranges defined earlier for the Model 21-000. 
It is assumed that the Sampler has a 95 percent overall collection 
efficiency. The weight of the particulates collected on the absolute 
filter is then adjusted in order to account for particles greater than 
0.U3 micron which may have been deposited on the filter. 
Once the particulate weight has been determined for each size 
ränge, the data is then converted to particle weight percent and plotted 
on semi-logarithmic axes. The particle diameter is plotted on the 
logarithmic scale due to the ränge and spacing of particle size 
intervals for the eight stages. Also, prior to calculating particle 
weight percent for each of the stages, the measured particulate weight 
values were divided by Alog Dp in order to account for the finite and 
non-uniform particle size intervals. The corrected particle weight 
values for each stage were then used to determine particle weight 
percents for each of the size intervals defined for the Model 21-000 
Andersen Sampler. The data is first plotted in bar graph form, and 
then a curve is manually fitted to the indicated particulate distri-
bution. 
Repeatability of particle size distribution data from the 
Andersen Sampler measurements was well within acceptable limits. 
An example of data from three different tests of wood under non-
flaming conditions is given in Figure 77- This plot is given in bar 
graph form and shows some Variation in particle weight percent for 












Particle Size - MLcrons 
10.0 
Figure 77. Comparison of Andersen Sampler Data from 
Three Tests Under the Same Conditions 
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the same size intervals. However, the general trends indicated for 
each of the tests is nearly the same and thus the data is essentially 
repeatable, especially considering the inherent nonuniformity of the 
wood samples. The repeatable nature of Andersen Sampler data also 
extends to urethane and PVC samples. However, the tendency of PVC 
saraples to char extensively is the probable cause for somewhat increased 
scatter in Andersen Sampler data in non-flaming PVC tests. Neverthe-
less, this scatter did not significantly affect Interpretation of the 
data. 
Electrical Aerosol Analyzer 
A Model 3030, Electrical Aerosol Analyzer (EAA) manufactured 
by Thermo-Systems, Inc., has been used to obtain time resolved particle 
fQQ 7.h) 
volume distributions for particle sizes less than 1.0 micron.WJ'J ' 
The instrument samples smoke aerosol from the l/k inch sampling probe 
line at the rate of k liters per minute after the smoke particles have 
been diluted as described in Chapter II and Appendix A. Particle size 
measurements are performed by first exposing the aerosol to unipolar 
gaseous ions in a diffusion charger and then measuring the aerosol 
electrical mobility with a mobility analyzer. The major components 
of the instrument also include a current sensor and associated 
f^Q -iL.) 
electronic and flow controls.v ' ' 
After being electrically charged in the aerosol charger, the 
size distribution of the aerosol can be calculated from the mobility 
distribution measured in the mobility analyzer utilizing a monotonic 
(33 ty) 
functional relationship between particle size and mobility.v' ' 
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The mobility analyzer as shown in Figure 78, consists of a cylindrical 
condenser with clean air and aerosol flowing down the tube in a laminar 
stream. For a given voltage on the center rod, particles above a 
certain critical mobility and less than the corresponding size are 
deflected to the center rod and collected there. Those particles 
with a lower mobility and a greater size then pass through the 
analyzer and are sensed by the electrometer current sensor. Thus, 
stepwise increases in the voltage on the center rod result in the 
collection of successively larger particles on the rod and a simul-
taneous reduction in the current sensed by the electrometer. The 
change in electrometer current (AI) is then converted to particle 
number density by a simple multiplicative factor for each of the 
calibrated particle size increments determined by stepwise center 
rod voltage increases. The particle size ränge and increments are 
shown in the data reduction sheet provided in Table 5. The data 
reduction sheet also gives the applicable multiplying factor necessary 
to convert changes in electrometer current to number density. All 
particle size increments are pre-selected by the manufacturer and 
are programmed automatically. The electrometer current is the final 
Instrument Output, and this is recorded on a strip chart recorder. 
It should be noted at this point that some early data taken 
by the Whitby Electrical Aerosol Analyzer was limited in ränge to a 
maximum particle size of O.36 micron. This is evident in results 
presented for a few cases under non-flaming conditions using 3.2 
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Figure 78. Blec t r ica l Aerosol Analyzer - Schematic (&) 
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Figure 79. Mass Monitor - Block Diagram (36) 
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calibration Information provided by the manufacturer. Subsequent modi-
fications to the Instrument re-established the Upper limit of the 
Electrical Analyzer at 1.0 micron. 
Furthermore, the indicated ränge of particle sizes for which 
the Electrical Aerosol Analyzer has been calibrated, shows a lower limit 
of 0.003 micron. However, upon the advice of the manufacturer, the 
first two size intervals were eliminated from the programmed size 
increments due to considerable instability at such small particle 
sizes; especially considering the nature of the smoke aerosol sampled. 
This also reduced the time required for a complete cycle over the size 
ränge of interest from two minutes to approximately 1.5 minutes. 
Furthermore, it was observed during the test program that most data 
obtained below 0.01 micron was generally unstable due to the rapid 
local fluctuations in smoke concentrations and thus all data was 
effectively limited to the ränge 0.05-1.0 micron. Since contributions 
to particle volume fractions from particles less than 0.01 micron are 
negligible for most conditions, the effective lower size limit did 
not actually restrict the data presented from the Electrical Analyzer 
measurements. Also, comparisons of Electrical Analyzer data with in 
situ light scattering measurements, have shown that the EAA is accurate 
up to the upper limit of one micron,, 
In order to compare Electrical Aerosol Analyzer data with 
Andersen Sampler measurements, particle number concentrations were 
converted to particle volume concentrations. Particle volume 
fractions were then calculated in the same manner as previously 
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computed In the reduction of Andersen Sampler Data. Particle volume 
distributions for particles less than 1.0 micron were plotted on 
semi-logarithmic paper. Therefore, volume concentrations for each 
size increment were divided by Alog Dp before volume fractions were 
calculated, to account for finite increments. Particle volume distri-
butions calculated for data taken when the upper particle size limit 
was O.36 micron, were plotted on linear axes. Thus, volume concen-
trations for each size increment in this case, were divided by ADp 
to account for non-uniform and finite intervals. Resultant particle 
volume fractions for each particle size interval are plotted at the 
mean particle diameter for that interval, and the distribution curve 
is fitted through these points. Assuming that particle densities are 
relatively constant over the size ränge of interest, Electrical 
Aerosol Analyzer data can then be readily compared with Andersen 
Sampler particle weight distribution data. Note also that the 
normalized particle volume distribution is independent of the dilution 
ratio utilized for the l/k inch sampling probe. 
Particulate Mass Monitor 
Particulate mass concentration measurements have been made 
utilizing a Model 3200 B, Particle Mass Monitor manufactured by Thermo-
Systems Inc.^"' A schematic of the Mass Monitor is shown in Figure 
79» This instrument uses a piezoelectric particle microbalance formed 
of two identical sensor circuits, each consisting of a quartz crystal 
and an oscillator. The crystals are mounted in series in an aerosol 
stream Chamber and are vibrated at their resonant raechanical frequency 
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by their respective oscillators, Just prior to entering the Chamber, 
an electrostatically charged tungsten-tipped needle ionizes all particles 
in the aerosol stream, causing thern to be deposited on the face of the 
first (primary) crystal's grounded electrode with almost 100 percent 
collection efficiency. ̂ -^o ) 
As particles are deposited on the primary crystal its resonant 
frequency shifts downward, while the resonant frequency of the second 
(reference) crystal remains constant (with respect to the primary 
crystal). Instrument electronics continuously monitor the Vibration 
frequencies of the two sensors, compare the frequency Outputs, and 
determine the difference between the two. Thus, as deposition increases 
on the primary crystal, the difference in frequency (Af) between the 
two crystals also increases.^ ' ' The difference in frequencies Af, 
is then used to calculate particulate mass concentration according to 
the equation,^ ' 
Af 
c = 3 3 3 Ät 
where C is mass concentration in |ig/rrP, Af is frequency shift in Hz, 
and At is the length of sampling period in seconds. The frequency 
shift output Af is continuously recorded on a strip chart recorder. 
The Standard sampling period used in reducing data for most 
smoke tests run in the CPTC is approximately 30 seconds. This is the 
sampling time suggested by the manufacturer for mass concentrations 
encountered in the l/k inch sampling probe after dilution. When 
using a 30 second sampling period, data points were normally taken 
i8o 
every one minute. Thus, for a particular data point, the calculated 
mass concentration consists of an average over the period beginning 
15 seconds before and ending 15 seconds after the indicated time. 
However, when periods of rapid changes in mass concentration were 
experienced, the sampling period was reduced to 3 seconds in some 
cases. When such conditions were encountered, data points were 
generally taken every 15 seconds to improve resolution. Maximum 
errors specified by the manufacturer for the Model 3200 B Mass Monitor 
were - 10 percent for the sampling conditions observed in the l/k inch 
sampling probe line. 
Since particle concentrations at the Sampling Section of the 
CPTC were greater than could be directly measured by the Electrical 
Aerosol Analyzer and the Mass Monitor, sample probe dilution was 
required in order to maintain concentrations within acceptable levels. 
The dilution rates used were established by trial and error and are 
shown in Table 3- Thus, comparisons of particulate mass concentrations 
required correction of measured mass concentration for the corresponding 
dilution ratio used in each test. In this manner, measured concen-
trations were adjusted to show the actual concentration existing in 
the Sampling Section. Furthermore, all mass concentrations were com-
pared on the basis of the same CPTC flow rate of 15 CM. That is, 
if a particular test was run at a flow rate other than 15 CFM, the 
equivalent mass concentration that would have been measured at 15 CFM 
was determined in addition to the adjustment for sampling probe 
dilution. 
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Finally, it should be noted that the correction of particulate 
mass concentrations to compensate for sarapling probe dilution intro-
duces considerable additional uncertainty into this data. The high 
dilution ratios required in most tests, in addition to imprecise 
dilution flow rate control both contribute to this problem. The 
resolution of the float-type flow raeter used to control the flow of 
sarapling probe dilution gas did not provide the accuracy necessary to 
properly control that flow and this uncertainty is magnified at high 
dilution ratios. For example, calculations show that for a dilution 
ratio of 6/1, the additional inaccuracy in particulate mass concen-
tration values is approximately - 15 percent. Thus, these results 
are reliable for comparisons of general trends and order of magnitude 
differences for various test conditions. However, precise comparisons 
of data are not possible using the present dilution System. 
Force Transducer 
Continuous measurements of sample weight loss during tests in 
the CPTC were made by a Linear Variable Differential Transformer (LVDT) 
type force transducer manufactured by Schaevitz Engineering (Model 
(73) FTA-G-100). This force cell contains an elastic mechanical 
element which, when loaded, is designed to produce a small linear 
deflection of the core of a linear variable differential transformer 
resulting in a voltage output linearly proportional to axial load.''"̂ ' 
A constant a.c. voltage source is supplied by a Hewlett-Packard carrier 
amplifier and the voltage output in millivolts is recorded on a strip-
chart recorder. The particular model used here has a 0-100 g. ränge, 
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with better than 0.2 percent linearity and 0.1 percent resolution. 
Signal output was normally calibrated at 3 mV/g for wood and PVC samples 
and 30 mV/g for urethane samples. 
Data taken from the strip-chart recorder was converted to 
weight loss rate for comparison with particulate mass concentrations. 
This was done by calculating the weight loss of the sample for the 
previous minute. Thus, in most cases, the weight loss rate in grams 
per minute was an "average" over that previous minute. This approach 
was used in order to eliminate random fluctuations in weight loss so 
that general trends could be studied. However, in cases where better 
resolution was required (i.e., when the characteristic weight loss 
rate is extremely rapid) the time interval selected for weight loss 
rate determination was reduced to 30 or 15 seconds as required. This 
was particularly necessary in measuring the weight loss of urethane 
samples at high heating rates in non-flaming tests and in flaming tests. 
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